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We have demonstrated the synthesis of a light fluorous-tagged ligand which was 
used as a fluorous tag in the atom economical, microwave-assisted synthesis of 
heterocycles. The fluorous-tagged ligand was used in the synthesis of a fluorous 
palladacycle which was employed in both annulation and carbonylation reactions in 
aqueous medium or neat condition and could be easily recycled and reused.  
 
In addition, we have developed several nitrogen-based ligands for various oxidation, 
condensation and tandem reactions at ambient or mild conditions in water and 
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1.1   Green Chemistry  
The increasing demands of environmental legislation in the 1970s encouraged the 
reduction or possibly, the elimination of waste production in the chemical 
manufacturing industry to prevent pollution of the environment caused by the harmful 
impact of chemistry. J. A. Cusumano anticipated that environmental issues affecting 
the economy will be the motivation for the development of environmentally benign 
processes and products.
1
 In the 1990s, the idea of sustainable chemistry was initiated 
and P. T. Anastas coined the term “Green Chemistry” and introduced the 12 
Principles of Green Chemistry.
2
 Green chemistry encourages new chemical 
methodologies which reduces or eliminates the use and generation of hazardous 
substances during the design and manufacturing of chemical products. Besides the 12 
Principles of Green Chemistry, R. A. Sheldon
3
 and B. M. Trost
4
 introduced concepts 
such as “E factor” and “atom economy” respectively, which promoted an innovative 
approach in designing chemical reactions. Green chemistry is not only accepted as a 





Several fields in chemistry have their individual unique feature(s) which adhere to 
one or more of the principles of green chemistry. The first example is the 
development of solid-phase synthesis which significantly reduces the amount of 
organic solvents required in the product purification process. The second example is 
the development of catalysis. Although catalysis is the 9
th
 principle, catalysts are 
required for principles 1-8 and arguably needed for principles 10-12 as well (Figure 
1-1). The third example is the development of fluorous chemistry which could also be 
2 
 
a potential technique in green chemistry.
6
 The use of fluorous chemistry in green 
chemistry will be further discussed in Section 1.2. 
 
 
Figure 1-1. The 12 Principles of Green Chemistry.
2 
 
E (environmental) factor and atom economy (atom efficiency) are two useful 
measures to determine the impact of the chemical process on the environment. E 
factor is defined as the mass ratio of waste to desired product.
3d
 The higher the value 
of E factor, the more undesirable is the chemical process to the environment as more 
waste is produced. Atom economy, another concept in green chemistry, deals with the 
efficiency of the synthetic method to maximise incorporating all of the starting 
materials into the final product.
7
 This, however is not always possible as common 
chemical reactions usually generates by-product(s) alongside the desired product. 
Thus, to minimize waste and to enhance atom efficiency, the possibility of employing 
the by-product in other application (i.e. recovered and recycled) should be considered. 
The ability of recovering and recycling the by-product could be achieved with the use 
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1.2   Fluorous Chemistry in Green Chemistry 
In 1994, the term fluorous which is analogous to the term aqueous, was introduced to 
accentuate the preferential solubility of a specially designed reagent in the fluorous 
phase.
8
 The fluorocarbon rich phase is defined as the fluorous phase in a biphasic 
system. The focus was placed on biphasic catalysis in the early development of 
fluorous technology.
9
 Due to the temperature dependent property of the fluorous 
phase, the possibility of a thermoregulated homogeneous catalytic system could be 
achieved. A mixture of the substrate containing organic phase with the catalyst 
containing fluorous phase was heated at high temperatures forming a homogenous 
phase for the catalytic reaction. Upon cooling, the two layers were separated and the 
catalyst could be separated from the product and recycled (Figure 1-2). Commercially 
available fluorous solvents such as perfluorohexane or perfluorooctane are commonly 
used in fluorous chemistry. 
 
Fluorous-tagged compounds are generally made up of three components. The first 
component is the organic functional group, which is the parent molecule that controls 
the reactivity of the molecule. The second component is the spacer, which insulates 
the electron withdrawing fluorines from the parent molecule and the last component 
is the fluorous tail, which provides the fluorous properties to the compound. Fluorous 
compounds can be classified into heavy (> 60%) and light (< 60%) fluorous 
molecules based on the fluorine content by molecular weight.
10
 Fluorous tails are 
inert to chemical reactions and have little effect on the reactivity of the parent 
molecule as the electron-withdrawing fluorines are insulated from the reactive site of 
the parent molecule via spacers which are generally methylene, (CH2)n, segments 
alone or methylene segments with heteroatoms or phenyl rings. Similar properties of 
non-fluorous analogs can be achieved with large n values and studies have shown that 
seven to eight methylene groups are needed to completely insulate the inductive 
effects of the perfluoroalkyl groups.
11
 On the other hand, the use of spacers longer 
4 
 






Figure 1-2. Fluorous biphasic catalysis. 
   
The two main methods of fluorous separation are fluorous liquid-liquid extraction (F-
LLE) and fluorous solid-phase extraction (F-SPE). F-LLE is used in the presence of 
heavy fluorous molecules with higher partition coefficient between organic and 
fluorous solvents while F-SPE is usually used for light fluorous molecules. F-SPE 
cartridges are packed with fluorous silica gel which contains perfluorooctylethylsilyl, 
Si(CH2CH2C8F17), bonded phase. Unlike normal silica gel which separates 
compounds based on polarity, fluorous silica separates fluorous compounds based on 
fluorine content. Fluorous molecules are retained by the strong fluorine-fluorine 
interactions.
12
 Expensive fluorous solvents used in F-LLE are not necessary for F-
SPE. Instead, common organic solvents such as THF are mixed with water, as 
fluorophobic solvents to elute non-fluorous compounds followed by fluorophilic 
solvents such as THF to elute fluorous compounds (Figure 1-3). Loading capacity of 
a typical F-SPE is approximately 5-15% by weight. An additional benefit of the F-
SPE method is the reusability of the F-SPE cartridges due to the robustness of the 




Figure 1-3. General procedure for F-SPE. 
 
Besides the obvious advantage of separation, reaction conditions for solution phase 
synthesis can be used directly for fluorous synthesis. Table 1-1 shows a comparison 
of conventional solution phase, solid phase and fluorous synthesis. It can be observed 
that fluorous synthesis provides a combination of the advantages of both solution and 
solid phase synthesis. In addition, separation options are increased when using 
fluorous-tagged molecules. 
 
Table 1-1. Comparison of solution phase, solid phase and fluorous synthesis.
12
 
 Solution phase Solid phase Fluorous 
Literature methods used    
Broad reaction scope    
Standard lab equipment    
Intermediate analysis    
Ease of scale-up    
Familiarity to chemists    
Ease of purification    
Use of excess reagents    
Mixture synthesis    
Potential for automation    
6 
 
Fluorous synthesis also faces several challenges. These challenges are due to the 
persistent nature of the perfluorinated compounds, potential toxicity issues
13
 of 
fluorous compounds such as perfluorooctanoic acid (PFOA) and perfluorooctane 
sulfonate (PFOS) and high cost of fluorous solvents. These challenges are usually 
present in heavy fluorous techniques (i.e. biphasic systems) and thus led to the 
development and increasing emphasis on light fluorous techniques. Light fluorous 
techniques can be considered a green technique when compared to heavy fluorous 
techniques. The green aspect of light fluorous chemistry includes the lower toxicity 
and persistency of light fluorous compounds compared to heavy fluorous compounds. 
As the amount of fluorous content is reduced, the cost is also lowered. The need for 
expensive fluorous solvent is no longer necessary as F-LLE is replaced with F-SPE. 
The solubility and reactivity of light fluorous compounds are also better in common 
organic solvents and the ability to recover and recycle the compounds adds to the 
greenness of the technique. 
 
Fluorous chemistry as a green technique has been incorporated into many organic 
reactions to improve catalyst recycling, better tolerance to microwave-assisted 
synthesis and purification of reaction product. Carolyn et. al.
14a
 reported a procedure 
for the synthesis of α-methylene-γ-butyrolactones by allylation of aldehydes with 
fluorinated allyl ester (Scheme 1-1). The use of fluours-tag chemistry in this reaction 
eliminated the comsumption of large amounts of organic solvents during product 
isolation and advoided the need to extract and/or freeze-dry the aqueous layer.  
 
   




Another important principle of green chemistry is the recycling of chemicals and 
catalyst for cost reduction. Techniques for recovery of chemicals and catalyst are 
limited to solid-supported reagents and catalyst. However, these heterogeneous 
methods comes with its limitations as shown in Table 1-1. Matsugi and Curran
14b
 
reported a recycable Grubbs-Hoveyda catalyst for alkene metathesis using a fluorous-
tagged catalyst (Scheme 1-2). Recovery of the catalyst using F-SPE range from 69% 
to 88% and the recovered catalyst exhibited a 
1








 reported the use of a chiral recyclable fluorous disulfonamide 
ligand for catalytic enantioselective cyclopropanation of allylic alcohol (Scheme 1-3). 
The ligand was successfully recovered three times via F-SPE and recycled without 
loss of enantioselectivity and catalytic activity. The ability to use fluorous silica gel 




Scheme 1-3. Enantioselective cyclopropanation of allylic alcohols using chiral 





1.3   Microwave-Assisted Organic Synthesis (MAOS) 
Within the 300 to 300000 megahertz (MHz) frequency region of the electromagnetic 
spectrum lies the microwave radiation region. In this frequency region, only the 
molecular rotation is affected but not the molecular structure.
15
 Microwave-enhanced 
synthesis was first reported in 1986,
16
 and the benefits of using microwave energy in 
chemical reactions have since been explored.
17
 The possibility of carrying out 
chemical reactions via MAOS, which is a powerful and effective mean of increasing 
the speed of reaction, also adds to the green aspect by increasing energy efficiency. 
MAOS brings about better yields, greater reproducibility and cleaner reactions.
18 
These features enable the rapid optimization of reactions in the synthesis of chemical 
compounds which is useful in the industrial and academia levels. 
 
Conventional heating in chemical syntheses makes use of an external heat source to 
achieve conductive heating. The heat needs to pass through the walls of the vessel 
before reaching the solvent and/or reactants. However, this is inefficient as the 
process is slow and is dependent on the thermal conductivity of the vessel’s material. 
Thus, the temperature of the vessel is usually higher than that of the reaction mixture. 
On the contrary, microwave irradiation is independent of the thermal conductivity of 
the vessel as the vessels are usually made of microwave transparent materials such as 
glass. Therefore, the microwaves interact directly with the molecules resulting in a 
rapid rise in the temperature.
19
 The rapid rise in temperature is a result of 
instantaneous localised superheating. Energy is transferred from the microwaves to 
the molecules by dipolar rotation or ionic conduction. Due to the rapid changing 
electric fields, polar molecules will rotate so as to align themselves and this result in 
energy transfer. The dipolar rotation mechanism is associated with the molecule’s 
polarity and the ability of the molecules to align to the electric field. Ionic conduction 
deals with the generated ionic motion cause by the rapidly changing electric field 
9 
 
which results in superheating. This method of energy transfer occurs in the presence 
of free ions or ionic species.  
 
Solvents are very important in chemical synthesis, often affecting the rates and yields. 
Unlike in conventional heating, boiling point of the solvent is no longer taken into 
consideration when deciding the choice of solvent. This is because the microwave 
energy can easily reach and surpass the solvent’s boiling point. Polarity of the solvent 
is an important feature, especially in MAOS. Polar solvents are preferentially used in 
microwave irradiation because polar solvents have a greater ability to couple with the 
microwave energy which results in the aforementioned rapid temperature increase 
and thus increased reaction rate. The three factors that govern the ability of a solvent 




The sixth principle of green chemistry advocates the design for energy efficiency, 
thus chemical reactions should ideally be carried out under ambient pressure and 
temperature. However, it is not always possible for reactions to be carried out under 
ambient temperature. A study conducted showed that by using MAOS, the amount of 
energy savings for most laboratory scale organic reactions carried out under 
convention oil bath heating could be as significant as 85-folds.
21
 Therefore, 
microwave irradiation could be considered as a green alternative to convention oil-
bath heating.  
   
Despite the advantages of MAOS mentioned previously, the use of microwaves in 
chemical synthesis have little impact on the purification of the final product. 
Successful attempts have been made to marry polymer-supported reaction with 
microwaves to address the issue of purification.
22
 However, potential limitations in 
the methodology such as the stability of the polymer-support at higher temperatures 
still exists. A possible solution to address the limitation of using polymer-supports is 
10 
 
the use of fluorous tags as the C-F bond of fluorous tags is very stable for microwave-
assisted fluorous synthesis (MAFS) at high temperatures and pressure.
23
 With the 
combination of MAFS and ease of separation using F-SPE, the time required for 
MAFS and separation is expected to be greatly reduced for the synthesis of solution-
phase combinatorial library. 
 
1.4   Organic Synthesis in Water 
Organic reactions are often carried out in organic solvents despite numerous 
biochemical organic reactions and reactions related to living systems take place in 
aqueous medium. Developments of organic reaction in aqueous medium started from 
the study by Breslow.
24
 With the increasing demand for green chemical processes,
25
 
active development of chemical reactions in aqueous medium have promoted many 
organic reactions to be re-examined in order to develop chemical process with a green 
aspect and to reduce and/or eliminate existing shortcomings.
26
 Certain reactions that 
were thought to be only possible using organic solvents (i.e. Barbier-Grignard-type 




There are many benefits of using water as a solvent. Water is cheap and readily 
available. Unlike many organic solvents, water is non-flammable, nontoxic, non-
explosive and is stable to air. The use of water as a solvent adds to the green aspect of 
the reaction as the concern of organic solvent polluting the environment is lessened. 
In the industrial level, using water as a solvent eases the separation of the organic 
product with a simple phase-separation procedure. 
 
Seminal work by Leadbeater
28
 has increased interest in the combination of water 
(safer solvent) and MAOS (energy efficiency), two important principle of green 
chemistry, mainly in the area of metal-catalyzed reactions. The use of water as 
solvent in MAOS enables heating the water passed its boiling point with increased 
11 
 
pressure which is beneficial for organic synthesis in aqueous medium. This is because 
water behaves differently at elevated temperatures and pressures.
29
 Water is very 
polar under normal conditions and with higher temperatures and pressure, the 
hydrogen bonding is decreased resulting in decreased polarity and increased 
ionization of water. Water as a supercritical liquid is non-polar. The transformation of 
water’s polarity from a polar solvent to an almost non-polar solvent allows for better 




1.5   Objectives of Research Work 
With the increasing emphasis and interests on green chemical processes, components 
in organic synthesis are reinvestigated in order to further adhere to the principles of 
green chemistry. The objective of our studies is to increase the green aspect of 
organic transformations by applying one or more of the 12 principles of green 
chemistry to each chemical transformation. We aim to synthesize a light fluorous-
tagged ligand which could be used as a fluorous tag (principle 4) in the atom 
economical (principle 2), microwave-assisted (principle 6) synthesis of heterocycles. 
The fluorous-tagged ligand could also be used in the synthesis a fluorous palladacycle 
(principle 9) which could be employed in both annulation and carbonylation reactions 
in aqueous medium or neat condition (principle 5) and could be easily recycled and 
reused (principle 1). In addition, we also aim to synthesize several nitrogen-based 
ligands (principle 9) for various oxidation, condensation and tandem reactions at 
ambient temperature (principle 6) in water (principle 5) and investigate their recycling 
capabilities (principle 1). 
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Palladium-Catalyzed Annulation of Internal Alkynes and Carbonylation of Aryl 
Halides in Aqueous or Neat Condition 
 
2.1   Introduction 
Annulation of internal alkynes with functionalized aryl halides is a versatile and 
useful method for the synthesis of a wide variety of carbo- and heterocycles (Figure 
2-1).
1-8
 Besides the simplicity of the reaction, the regiochemistry of the product 
obtained from the annulation of unsymmetrical alkynes can be easily predicted by 
comparing the steric hindrance of the substituents on the ends of the triple bond.
4
 To 
date, many homogeneous transition metal-based catalytic systems have been 





Figure 2-1. Typical Pd-catalyzed annulation of functionalized aryl halides with 
internal alkynes. 
 
Although homogeneous catalysis have many advantages, difficulties in separation and 
recovery of the catalyst and product contamination with traces of the heavy metal are 
common problems encountered which restrict their applications in the industries.
10
 To 
circumvent this problem, various annulation strategies involving heterogeneous 
catalysis have been developed.
11
 Heterogeneous catalysts can be separated from the 
16 
 
reaction mixture in a straightforward manner, such as by filtration, but on the other 
hand, diffusion of the reactants to the solid catalyst occurs less readily, thus affecting 
the reaction rate. 
 
An alternative strategy is fluorous catalysis which combines the advantages of 
homogenous catalysis for reactivity and heterogeneous catalysis for catalyst 
recovery.
12
 Since the seminal work by Horváth and Rábai,
12b 
a selection of fluorous 
ligands and catalysts have been developed for the catalysis of a variety of reactions. 
However to the best of our knowledge, there are no previous reports on the fluorous 
catalysis of carbo- and heteroannulation of internal alkynes with functionalized aryl 
halides. Recently, there has been a growing trend of performing microwave-assisted 
C−C bond forming reactions in aqueous medium.13 To this effort, our group have 
previously developed a chemically and thermally stable fluorous, oxime-based 
palladacycle 1 (Figure 2-2) and demonstrated its application as a precatalyst in a wide 
variety of carbon−carbon coupling reactions (Suzuki−Miyaura, Sonogashira, Stille, 





Figure 2-2. Structure of palladacycle 1. 
 
As palladacycle 1 is a “light fluorous” compound, it can be easily recovered using 
reusable fluorous silica gel
15
 eluted with common organic solvents. This avoids the 
use of perflorinated solvent which is persistent in the environment.
16
 The lower 
toxicity and persistence of “light fluorous” compounds thus make it comparably more 
environmentally friendly than its “heavy fluorous” counterpart. In addition, 
17 
 
palladacycle 1 possesses an excellent recyclable property and produces only low 
levels of Pd leaching.
14
 These features are important for medicinal chemistry 
applications as the tolerance for heavy metal impurities is very low. 
 
An oxime-based palladacycle was selected because it is known to be (i) insensitive to 
air and moisture, (ii) thermally robust, (iii) the absence of phospines in the reaction 
avoids problems involving phosphine oxide and possible side reactions due to 
coupling betwwen aryl halide and phosphine,
17a-17b
 and (iv) a precatalyst with the 
ability to slowly release Pd(0) which suppresses the growth of large Pd metal 
particles.
17c
 Oxime-based palladacycle have been reported to be efficient precatalyst 
for annulation of internal alkynes but the scope was only limited to o-
halobenzaldehyde and o-haloanilines.
9g
 The precatalyst was reported to be effective in 
alkoxycarbonylation of aryl iodides but required the use of carcinogenic benzene as 




Analysis of the homogeneous and heterogeneous palladium-catalyzed carbo- and 
heteroannulation of internal alkynes with functionalized aryl halides (Figure 2-1) 
revealed that they were highly dependent on the choice of appropriate solvent, base, 
and additives.
9,11a-11b
 Herein we investigate the possibility of developing a uniform 
reaction condition suitable for all these annulation reactions. More importantly, we 
explore the application of palladacycle 1 as a recyclable precatalyst for carbo- and 
heteroannulation reactions in aqueous medium.  
 
Palladium-catalyzed carbonylation reactions are a versatile tool for the synthesis of 
amides, esters, ketones, carbamates, etc which are important functional groups found 
in dyes, pharmaceuticals and other industrial products. These reactions require the 
insertion of CO into the substrate and are typically carried out with carbon monoxide 
gas as it is readily available.
18-21
 During these reactions, a constant stream of carbon 
18 
 
monoxide gas has to be supplied into the reaction system whose reaction times could 
range from 1-60 h which reduces the expediency in combinatorial chemistry and 
drug-discovery.
19,22-25 
To provide a more expedient reaction, molybdenum 
hexacarbonyl, Mo(CO)6, has been used as a solid carbon monoxide source.
26
 With 
Mo(CO)6, the carbon monoxide gas is released in situ during the reaction
 
thus making 
it possible for the reaction to be carried out in a closed vessel under microwave 
irradiation.
13,27-29 
The ease of handling makes Mo(CO)6 an appealing carbon 
monoxide source for lab-scale synthesis where parallel synthesis methods are favored 
especially in medicinal chemistry applications and could be beneficial to high-
throughput applications in small-scale protocols where the introduction of gaseous 
reactants are problematic. 
 
Subsequently, we further extend the use of palladacycle 1 and evaluate its 
performance in the microwave-assisted carbonylative Suzuki-Miyaura coupling, 
alkoxycarbonylation and aminocarbonylation reactions with Mo(CO)6 in aqueous 
medium. To date, carbonylative Suzuki-Miyaura coupling and alkoxycarbonylation 
reactions with Mo(CO)6 has been only carried out in organic solvents.
30,31
 To 
demonstrate the usefulness of the protocol, we applied it to the preparation of 
compounds of pharmaceutical interest, including a precursor of the reverse 
transcriptase inhibitor, niacin, benzocaine and butamben. 
 
2.2   Synthesis of Fluorous-Tagged Oxime Palladacycle 
The synthesis of palladacycle 1 was previously reported
14a
 by our group (Scheme 2-
1). Palladacycle 1 was prepared by treating 4,4’-dihydroxybenzophenone 1a with 
allyl bromide at room temperature for 24 h to give the allyl ether 1b in 99% yield. 
Allyl ether 1b was then reacted with perfluorooctyl iodide (C8F17I) and 
azobisisobuyyronitrile (AIBN) under refluxing conditions with dichloroethane (DCE) 
as solvent to give compound 1c in 74% yield. The removal of iodide in compound 1c 
19 
 
was completed by using tributyltinhydride (Bu3SnH) and AIBN in DCE at refluxing 
temperatures and this gave compound 1d in 89% yield. Subsequent condensation of 
1d and hydroxylamine hydrochloride (H2NOH.HCl) gave the oxime 1e in 87% yield. 




Scheme 2-1. Synthesis of palladacycle 1. 
 
Previously, the synthesis of fluorous oxime tag 1 was achieved by refluxing 1d with 
H2NOH·HCl and TEA in a benzene–EtOH mixture for 16 h (Scheme 2-1).
14a
 Since 
benzene is carcinogenic, we decided to explore a greener approach to prepare oxime 
1e from fluorous ketone 1d. We found that by using NaOH as the base and ethanol–
water as the solvent under microwave irradiation at 100 °C for 15 min, oxime 1e 
could be smoothly prepared in 91% yield (Scheme 2-2). 
 
 
Scheme 2-2. Synthesis of 1e using a greener approach. 
20 
 
2.3   Carboannulation of Aromatic Carbonyl Compounds and Nitriles  
Initial assessment of the annulation reaction was conducted using 2-
bromobenzaldehyde 2-2a1 and diphenylacetylene with palladacycle 1 as precatalyst 
(1 mol% Pd), K2CO3 as base, DMF as solvent and tetra-n-butylammonium bromide 
(TBAB) as an additive under conventional heating at 130 
o
C. The desired indenone 2-
3a was obtained after 1.5 h in 92% yield (Table 2-1, entry 1). To facilitate an 
expedient synthesis of 2-3a, we explored the same reaction under microwave 
irradiation at 150 
o
C. The reaction was completed in 25 min and gave indenone 2-3a 
in 98% yield (Table 2-1, entry 2). To develop a more environmentally-friendly 
condition for this synthesis, we examined using water as a reaction solvent. However, 
when DMF was replaced with water, the yield of compound 2-3a decreased to 57% 
(Table 2-1, entry 3). To optimize the reaction, we first varied the base and found that 
the reaction in aqueous medium proceeded most efficiently with Na2CO3 (Table 2-1, 
entries 4-11). Next, we investigated the effect of temperature on the reaction. The 
results indicated that although the reaction completed more rapidly at a higher 
temperature, compound 2-3a was obtained in lower yields when the reaction 
temperature was increased to 160 
o
C or lowered to 140 
o
C (Table 2-1, entries 12-13). 
We also examined the effect of the loading of palladacycle 1 on the reaction. When 
the amount of palladacycle 1 was lowered (0.5 mol% Pd), the reaction required a 
longer time to complete and compound 2-3a was obtained in a lower yield (Table 2-1, 
entry 14). Finally replacement of TBAB with LiCl did not provide any improvement 
in the reaction either and Pd black was observed to form during the reaction (Table 2-








 Reaction conditions: 2-2a1 (1 equiv.), diphenylacetylene (1.5 equiv.), palladacycle 1 
(1 mol %), TBAB (1 equiv.), Na2CO3 (2 equiv.) and H2O (0.25 M). 
b
 Isolated yields.  
c
 Conventional heating.  
d
 0.5 mol% Pd. 
e




 have reported earlier that the volatility of liquid alkynes could have an 
effect on the reaction rate and product yield. Thus, we have also investigated the 
effect of the stoichiometry of liquid alkyne on the reaction (Table 2-2). Using the 
 
Entry Base Solvent Temp (
o





K2CO3 DMF 130 90 92 
2 K2CO3 DMF 150 25 98 
3 K2CO3 H2O 150 120 57 
4 tBuOK H2O 150 40 52 
5 KOAc H2O 150 20 68 
6 KOH H2O 150 35 9 
7 NH4OAc H2O 150 120 0 
8 TEA H2O 150 120 0 
9 NaOAc H2O 150 35 72 
10 NaOAc H2O 170 10 71 
11 Na2CO3 H2O 150 30 96 
12 Na2CO3 H2O 160 15 82 
13 Na2CO3 H2O 140 50 92 
14
d 
Na2CO3 H2O 150 50 88 
15
e
 Na2CO3 H2O 150 25 85 
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optimized reaction conditions, various aryl halides were used to determine the 
optimal concentration of alkyne. When 1 equivalent of alkyne was employed, the 
reaction was incomplete (based on TLC analysis). It required 1.5 equivalents of 
alkyne for the reaction to proceed to completion. Increasing the amount of alkyne to 3 
equivalents resulted in a higher yield of the respective desired product (Table 2-2, 
entries 2, 5 and 8). However further increasing the amount of alkyne to 5 equivalents 
did not provide any improvement in yields (Table 2-2, entries 3, 6 and 9). 
 
Table 2-2. Effect of alkyne stoichiometry on annulation
a 
a
 Reaction conditions: aryl halide (1 equiv.), alkyne (see Table 2-2), palladacycle 1 (1 
mol %), TBAB (1 equiv.), Na2CO3 (2 equiv.) and H2O (0.25 M). 
b
 Isolated yields. 
c 
M.W. at 150 °C for 20 min. 
d
 M.W. at 150 °C for 30 min.  
e
 M.W. at 150 °C for 27 min. 
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  (3)  80 
6
d










  (3)  62 
9
e
  (5)  63 
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To demonstrate the generality of this reaction condition for the synthesis of 2,3-
disubstituted-1-indenones 2-3, we applied it on various substrates (Table 2-3). 
Besides 2-2a1, o-iodo or o-chlorobenzaldehyde and o-bromobenzonitrile can also be 
employed successfully to the carboannulation reaction, with the iodide showing the 
highest reactivity. In addition, palladacycle 1 gave comparable yield of indenone 2-3 
as compared to its non-fluorous analog and higher yields as compared to other Pd 
catalysts. Earlier studies have shown that isomerization to β,γ-enones is a frequent 
problem during the synthesis of indenones bearing a primary alkyl group in the 3-
position.
1
 However it is gratifying to note that carboannulation with palladacycle 1 
provided solely the α,β-enones, and the β,γ-enone isomer was not observed (Table 2-
3, entries 3 and 7). It is also worth noting that the carboannulation process using 
palladacycle 1 is regiospecific for alkynes containing a hindered group such as a 
trimethylsilyl group, yielding only the isomer with the hindered group on the 2-
position (Table 2-3, entries 2 and 6). This is an improvement over the carboannulation 
process with Pd(OAc)2 where the reaction is regioselective and indenone 2-3b is 
obtained as a major product.
1
 However, when the steric hindrance between the two 
ends of the triple bond becomes less apparent as in the case of 1-phenyl-1-propyne, 
palladacycle 1, like Pd(OAc)2, produces an approximate 1:1 ratio of the regioisomers 
(Table 2-3, entries 4 and 8).  
 






















 Isolated yields.  
2  SiMe3 Ph 23 
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 Using Pd(OAc)2: 5 mol% Pd, NaOAc, TBAC, DMF, 100 °C.
1  
d
 Using 4,4’-dimethoxybenzophenone oxime palladacycle: 1 mol% Pd, Na2CO3, 
TBAB, H2O, M.W. 150 
o
C, 30 min.  
e




 Reaction provides a 1:1 mixture of regioisomers 2-3d and 2-3d’ in 56% total yield.  
g 










Encouraged by these results, we extended our studies to the carboannulation of 
aromatic ketones 2-2a3 and 2-2b2 which gave 2,3-disubstituted-1-indenol 2-4 in good 
to moderate yields (Table 2-4). Excellent regioselectivity was similarly observed 
when 2-2a3 reacted with alkynes carrying a larger steric discrepancy (Table 2-4, entry 
2). Nuclear Overhauser Effect (NOE) experiment verified that the sterically bulky 
trimethylsilyl (TMS) group of compound 2-4b to be on the 2-position as the 
irradiation of the methyl protons (1.73 ppm) resulted in a positive NOE for the TMS 
group (0.06 ppm) (Figure 2-3). On the other hand, the reaction of 2-2a3 with 1-
phenyl-1-propyne was less regioselective and provided a mixture of regioisomers in 
2:1 ratio (Table 2-4, entry 4). 2-Iodoacetophenone 2-2b2 also underwent the same 
reaction but afforded the indenols in lower yields (Table 2-4, entries 6 and 7), which 















Table 2-4. Synthesis of 2,3-disubstituted-1-indenols using palladacycle 1 
a
 Isolated yields.  
b


















































Figure 2-3. NOE spectrum for compound 2-4b. 
 
Next, we explored applying palladacycle 1 to the synthesis of 3,4-disubstituted-2-
napthylamines by using 2-(2-iodophenyl)acetonitrile 2-2b3 as the substrate (Table 2-
5). Comparison of palladacycle 1 with the Pd(OAc)2 catalyst showed that the 
carboannulation reaction with palladacycle 1 gave a higher yield of the product and 
occurred in a regiospecific manner with the more hindered substituent of the 
unsymmetrical alkyne placed in the 3-position (Table 2-5, entries 2 and 5). It is 
interesting to note that Larock et al
3
 had reported the reaction of 1-phenyl-2-
(trimethylsilyl)acetylene with compound 2-2b3 in the presence of Pd(OAc)2, which 
afforded exclusively the desilylated product, 2-(2-(phenylethynyl)phenyl)acetonitrile, 
instead of the desired product 2-5b. On the contrary, with our reaction conditions, 
napthylamine 2-5b was obtained as the sole product in 66% yield (Table 2-5, entry 2). 
In addition, the annulation reaction with 4-octyne provided compound 2-5c while 
with Pd(OAc)2 the sole product obtained was (E)-3-(prop-1-en-1-yl)-4-
propylnaphthalen-2-amine (Table 2-5, entry 3). These results indicate that 
palladacycle 1 is generally a suitable palladium source for the synthesis of 3,4-






































 Isolated yields. 
b






 Yield of desilylated coupling product: 2-(2-(phenylethynyl)phenyl) acetonitrile.  
d
 Yield of unsaturated product: (E)-3-(prop-1-en-1-yl)-4-propylnaphthalen-2-amine. 
 
2.4   Heteroannulation of Haloaniline and Derivatives and Haloimines  
To investigate the general usefulness of palladacycle 1 in annulation chemistry, we 
extended our studies to the heteroannulation of internal alkynes for the formation of 
C-N bonds in the synthesis of 2,3-disubstituted indoles and azaindoles. The results 
were gratifying as the heteroannulation process with palladacycle 1 gave product 2-6 
29 
 
as a single regioisomer in generally higher yields than other palladium sources (Table 
2-6). Earlier studies by Monguchi et al
4c
 have shown that the N-acetyl group of 
substrate 2-2b5 was labile during the heteroannulation reaction with Pd/C in the 
presence of LiCl, Na2CO3 and DMPU. Thus the N-deacylated product was obtained 
as the major product. However with palladacycle 1, the heteroannulation process 
proceeded without decomposition of the acetyl moiety and the desired N-acetylindole 
was afforded in good yields (Table 2-6, entries 6-8). The same trend of 
regioselectivity was also observed as discussed previously (Table 2-6, entries 2, 4-6, 
8, 10, 12-13). Similar to compound 2-4b, the regioselectivity of the transformation 
was established via the NOE experiment of compound 2-6b (Figure 2-4). Irradiation 
of the NH proton (8.17 ppm) resulted in a positive NOE for the TMS group (0.25 
ppm). This verified that the TMS group is on the 2-position.  
 
Table 2-6. Synthesis of 2,3-disubstituted-1-indoles and 2,3-disubstituted-5-azaindoles 














































 Isolated yields.  
b
























































































Figure 2-4. NOE spectrum for compound 2-6b. 
 
Besides aniline-based substrates, imine-based substrates, such as tert-butylimine 2-
2b7 and 2-2b8, were also successfully applied to the annulation of aryl- and alkyl-
substituted alkynes to provide 3,4-disubstituted isoquinoline 2-7 (Table 2-7). 
However when imine 2-2b7 was annulated with trimethylsilyl-substituted alkyne, the 
only product was the desilylated compound 2-7b (Table 2-7, entry 2). In addition, 
annulation of imine 2-2b8 with 1-phenyl-1-propyne also occurred with good 
regioselectivity to afford 2-7e in 69% yield, whereas compound 2-7e’ was obtained as 
the minor isomer in 6% yield (Table 2-7, entry 5). These observations were consistent 





Table 2-7. Synthesis of 3,4-disubstituted isoquinoline using palladacycle 1 
a
 Isolated yields. 
b





 Desilyated product: 3-phenylisoquinoline. 
 
2.5   Heteroannulation of Halobenzoates 
Next we explored the possibility of using the heteroannulation reaction for the 
formation of C-O bond. This reaction was first exemplified in the synthesis of 3,4-
disubstituted isocoumarin 2-8 via the palladacycle 1 catalyzed heteroannulation of 
methyl 2-iodobenzoate 2-2b9 with internal alkynes (Table 2-8). Compound 2-8 was 
obtained in good yields and, as in previous annulation reactions with palladacycle 1, 
the reaction proceeded in a regiospecific manner with unsymmetrical alkynes to 












































position (Table 2-8, entries 2, 4 and 5). 
 
Table 2-8. Synthesis of 3,4-disubstituted isocoumarins using palladacycle 1 
a
 Isolated yields.  
b






 CH3CN as solvent. 
 
To investigate other examples of C-O bond formation in the heteroannulation 
reaction, we applied the reaction to 2-iodobenzylic alcohol, 2-iodophenol and their 



















3 n-Pr n-Pr 20 
 
4 Ph Me 18 
 






analogs with internal alkynes proved slightly more difficult than analogous reactions 
of the nitrogen analogs, and generally a longer reaction time was required. In 
addition, comparison of the heteroannulation reactions of 2-2b10 and 2-2b11 shows 
that the presence of a dimethyl substituent on the benzylic position appears to shorten 
the reaction time although higher yields of benzopyrans 2-9 were obtained with 2-
2b11. The presence of the electron-donating methyl substituent resulted in the 
increased nucleophilicity of the oxygen, thus the reaction time is shortened. As in 
previous annulation reactions, the heteroannulation of the oxygen analogs with 
internal alkynes also proceed in a regiospecific manner providing solely the isomer 
with the bulky substituent of the alkyne on the carbon that is adjacent to the oxygen 
(Table 2-9, entries 2, 3, 5 and 6). When the reactions were carried out under the same 
condition using o-iodophenol 2-2b12 and derivative 2-2b13, the corresponding 
benzofuran 2-9g was obtained in high yields (Table 2-9, entries 7 and 8). In both 
examples, excellent regioselectivity still holds.  
 
Table 2-9. Synthesis of 3,4-disubstituted-1H-isochromenes and 2,3-disubstituted 






















 Isolated yields.  
b






A proposed catalytic cycle of the palladacycle 1 catalyzed annulation reaction is 
depicted in Scheme 2-3. The general mechanism usually involves (1) the slow release 
of Pd(0) from palladacycle 1, (2) oxidative addition of Pd(0) to the ortho-substituted 
phenyl halide to form the organopalladium(II) intermediate, (3) the formation of a 
vinylic palladium intermediate through the insertion of the alkyne, (4) formation of a 
palladacycle through cyclization and (5) formation of the cyclic product and 
regeneration of Pd(0) via reductive elimination. An unsymmetrical alkyne is inserted 
with the more sterically hindered group in closer proximity to the Pd species. 
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Scheme 2-3. Proposed catalytic cycle of palladacycle 1 catalyzed annulation reaction. 
 
2.6   Recycling of Palladacycle 1 for Annulation Reactions 
Finally we investigated the possibility of recycling and reusing palladacycle 1 from 
the annulation reactions for the formation of C-C, C-N and C-O bonds. These three 
different annulation reactions were performed under the optimized reaction condition 
and the recycling experiments were carried out over 5 cycles (Table 2-10). 
Gratifyingly, the recovered palladacycle 1 exhibited a 
1
H NMR spectrum similar to 
the original precatalyst and showed a slow decline in catalytic activity after multiple 
recovery steps. The recycling experiments were also followed by comparing the 
yields in each cycle after a fixed reaction time and determining the amount of 
unreacted aryl halide as well as the recovery of palladacycle 1. Recovery of 
palladacycle 1 was good except for the fifth cycle and ICP-OES analysis of the crude 







Table 2-10. Recycling of palladacycle 1
a 
a




 Isolated yields. 
c
 Recovered via F-SPE.  
d
 Determined by ICP-OES of the crude product.  
e
 M.W. for 30 min.   












(mg Pd/g product) 
 














































































































 Recovered aryl halide.  
g
 M.W. for 28 min.  
h
 M.W. for 27 min. 
 
2.7   Carbonylative Suzuki-Miyaura Reaction 
Palladium-catalyzed carbonylative Suzuki-Miyaura reaction is an important 
transformation because the diaryl ketones motifs are commonly found in natural 
products
32
, possess potential uses as photoinitiators and has pharmacological and 
biological activities.
33
 Diaryl ketones are typically synthesized by Friedel-Crafts 
acylation employing excess amounts of Lewis acids which usually provides an 
isomeric mixture.
34
 The stability of boronic acids and its nontoxic nature makes it an 
excellent source of carbon nucleophile in the preparation of diaryl ketones.   
 
Initial assessment of the carbonylative Suzuki-Miyaura reaction for the formation of 
unsymmetrical biaryl ketones was conducted using methyl 2-iodobenzoate 2-2b9 and 
phenylboronic acid 2-10a with palladacycle 1 as precatalyst, N,N-
diisopropylethylamine (DIPEA) as base, water as solvent and Mo(CO)6 as the carbon 
monoxide source under microwave irradiation at 130 °C. The desired biaryl ketone 2-
11a was obtained after 20 min in 72% yield (Table 2-11, entry 1). To optimize the 
reaction, we varied the base and found that the reaction proceeded most efficiently 
with DIPEA (Table 2-11, entries 1-6). Next, we investigated the effect of the amount 
of palladacycle 1 on the reaction and found that 1 mol% Pd provided the best yield of 
the desired product (Table 2-11, entries 1, 7-8 and 18). 
 
We have also examined the effect of temperature on the reaction. Lowering the 
temperature to 120 
o
C lengthened the reaction time and provided compound 2-11a in 
a slightly lower yield whilst increasing the temperature to 140 
o
C enabled the reaction 
to be completed in half the time and provided compound 2-11a in comparable yield 
39 
 
(Table 2-11, entries 9-10). Other variations, like changing the concentrations of 2-
2b9, 2-10a, Mo(CO)6 or base or adding TBAB as an additive to the reaction did not 
provide any significant improvement in the yield of compound 2-11a (Table 2-11, 
entries 11-18). 
 





Entry Base Temp (
o
C) Time (min) Yield of 2-11a
b
 (%) 
1 DIPEA 130 20 72 
2 DBU 130 20 0 
3 TEA 130 20 47 
4 K2CO3 130 25 55 
5 KOAc 130 25 35 
6 Pyridine 130 20 13 
7
c 
DIPEA 130 25 62 
8
d
 DIPEA 130 13 68 
9 DIPEA 120 35 68 
10 DIPEA 140 12 73 
11
e
 DIPEA 140 12 69 
12
f
 DIPEA 140 17 70 
13
g
 DIPEA 140 15 57 
14
h
 DIPEA 140 12 64 
15
i
 DIPEA 140 12 56 
16
j
 DIPEA 140 12 63 
17
k





 DIPEA 140 20 18 
a
 Reaction condition: 2-2b9 (0.6 mmol), 2-10a (2.5 equiv.), 1 (1 mol% Pd), Mo(CO)6 
(1.5 equiv.), base (3.0 equiv.), H2O (1.0 mL). 
b
 Isolated yields. 
c
 0.5 mol% Pd. 
d
 2 mol% Pd. 
e 
Reaction concentration 1.0 M. 
f
 Reaction concentration 0.3 M. 
g
 1.5 equiv. of phenylboronic acid. 
h
 2.0 equiv. of phenylboronic acid. 
i
 0.5 equiv. Mo(CO)6 used. 
j
 2.0 equiv. base used. 
k
 1.0 equiv. TBAB added. 
l
 Absence of palladacycle 1. 
 
The generality of the reaction condition was examined using various aryl halides and 
arylboronic acids which gave the desired biaryl ketone in moderate to good yields 
(Table 2-12). The aqueous protocol was compatible with aryl halides bearing acidic 
protons (Table 2-12, entries 9-11), which eliminates the need of protecting groups and 
could be applied to aryl halides and arylboronic acids containing either electron-
donating or electron-withdrawing substituents (Table 2-12, entries 2-4, 6-8, 12-13). 
Heteroaryl iodides were also successfully employed to provide the desired product in 
good yields (Table 2-12, entries 14-15). In addition, the yields of the products 
obtained using palladacycle 1 were comparable with those obtained with Pd(OAc)2 
and anisole as catalyst and solvent respectively (Table 2-12, entries 1, 5-7, 14-15).
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The carbonylative Suzuki-Miyaura coupling reaction with this aqueous protocol could 













Entry Aryl halide R
1









2  2-10b: 4-Cl 15 
 
3  2-10c: 3-OEt 12 
 





































































 Reaction condition: aryl halide (0.6 mmol), arylboronic acid (2.5 equiv.), 1 (1 mol% 
Pd), Mo(CO)6 (1.5 equiv.), DIPEA (3.0 equiv.), H2O (1.0 mL). 
b
 Isolated yields.  
c




 Using 4,4’-dimethoxybenzophenone oxime palladacycle instead of 1. 
 
Ortho-substituted substrates are known to be challenging substrates and gratifyingly, 
we were able to apply the optimized procedure to obtain good to excellent yields of 
43 
 
the biaryl product (Table 2-12, entries 1-4, 10-12). In addition, synthesis of sterically 
hindered biaryl ketone by Friedel-Crafts acylation is known to be difficult but we 
demonstrated that using 2-2b14 we were able to obtain the biaryl ketone 2-11e in 
80% yield (Table 2-12, entry 5). 
 
2.8   Alkoxycarbonylation Reaction   
Encouraged by the results from the carbonylative Suzuki-Miyaura reaction, we 
proceeded to use palladacycle 1 as a precatalyst for the alkoxycarbonylation of aryl 
halides to afford esters. Using a similar aqueous condition as the carbonylative 
Suzuki-Miyaura reaction, iodobenzene 2-2b15 was treated with ethanol 2-12a in the 
presence of palladacycle 1, DIPEA, water and Mo(CO)6 under microwave irradiation 
at 130 
o
C. However we did not observe the desired ethyl benzoate 2-13a but instead 
the hydrolysed product, benzoic acid, was obtained in 87% yield (Table 2-13, entry 
1). Since water is a competitive nucleophile, we decided to explore the reaction under 
solvent-free condition. Gratifyingly this gave compound 2-13a in 94% yield (Table 2-
13, entry 2). In addition, only a simple workup and F-SPE were required to obtain the 
pure compound 2-13a.  
 




Entry Base Temp (
o





 DIPEA 130 15 87 
2 DIPEA 130 15 94 
3 TEA 130 15 78 
4 DBU 130 15 85 
5 Bu3N 130 15 81 
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6 Pyridine 130 15 82 
7
 
Na2CO3 130 15 79 
8 K2CO3 130 15 61 
9
d
 DIPEA 130 15 79 
10
e
 DIPEA 130 15 96 
11
f
 DIPEA 130 15 89 
12
g
 DIPEA 130 15 55 
13 DIPEA 150 8 91 
14 DIPEA 110 30 86 
15
h
 DIPEA 130 15 35 
16
i
 DIPEA 130 25 81 
17
j
 DIPEA 130 8 91 
18
k
 DIPEA 130 15 93 
19
l
 DIPEA 130 15 94 
a
 Reaction condition: 2-2b15 (1.0 mmol), EtOH (5.0 equiv.), 1 (1 mol% Pd), Mo(CO)6 
(0.5 equiv.), base (1.5 equiv.). 
b
 Isolated yields. 
c
 Water used as solvent, benzoic acid obtained as the sole product. 
d
 1.2 equiv. of EtOH used. 
e
 25 equiv. of EtOH used. 
f
 3.0 equiv. of base used. 
g 
0.2 equiv. of Mo(CO)6 and 3.0 equiv. of base used. 
h
 Absence of palladacycle 1. 
i
 0.5 mol% Pd. 
j
 2 mol% Pd. 
k
 1.0 equiv. DMAP added. 
l
 1.0 equiv. TBAB added. 
 
Attempts to optimize the reaction by changing the base or varying the amounts of 
ethanol, base or Mo(CO)6 used did not provide any significant improvement to the 
yield of compound 2-13a (Table 2-13, entries 3-12). We also varied the reaction 
temperature and amount of palladacycle 1 added into the reaction mixture and it was 
determined that the reaction was most efficient at 130 
o
C and the optimal amount of 
45 
 
palladacycle 1 was 1 mol% Pd (Table 2-13, entries 13-17). It was reported previously 
that the addition of DMAP as an additive improved the yield of the desired ester.
31
 
However in our protocol, the presence of DMAP or TBAB gave compound 2-13a in 
comparable yields (Table 2-13, entries 18-19). 
 
The scope of the reaction was explored using various aryl and heteroaryl iodides and 
bromides with alkyl and aryl alcohols which gave the respective esters in good to 
excellent yields (Table 2-14). Aryl halides bearing various functionality and sensitive 
functional groups were also well-tolerated by the reaction (Table 2-14, entries 1-3, 
10-12, 15-16, 21). Comparing the performance of palladacycle 1 with its non-fluorous 
analog showed that the solvent-free protocol proceeded more efficiently with 
palladacycle 1 and gave the desired ester in significantly higher yield (Table 2-14, 
entry 4). 
 




Entry Aryl halide R
1























5  2-12b: Bn 20 
 




 2-12d: i-Pr 20 
 
8  2-12e: i-Bu 20 
 
























2-12a: Et 25 
 
















2-12a: Et 20 
 









 Reaction condition: aryl halide (1.0 mmol), alcohol (5.0 equiv.), 1 (1 mol% Pd), 
Mo(CO)6 (0.5 equiv.), DIPEA (1.5 equiv.).  
b
 Isolated yields.  
c




 Using 4,4’-dimethoxybenzophenone oxime palladacycle instead of 1. 
e





 M.W. 150 °C. 
g




2.9   Aminocarbonylation Reaction 
Palladium-catalyzed aminocarbonylation reaction is a versatile transformation for the 
synthesis of amides etc which are important functional groups found in 
pharmaceuticals and other industrial products. Encouraged by the results from the 
carbonylative Suzuki-Miyaura and alkoxycarbonylation reactions, we proceeded to 
apply the reaction protocol to the aminocarbonylation reaction using the 
representative aryl iodide, 1-iodonaphthalene 2-2b14, with n-butylamine 2-14a. 
Initially the reaction was conducted under microwave irradiation at 130 
o
C which 
gave the desired amide 2-15a after 3 min in 84% yield (Table 2-15, entry 1). To 
optimize the reaction, we varied the temperature and tried several bases (Table 2-15, 
entries 1-9) and found that the reaction proceeded most efficiently with DIPEA at 110 
o
C. Further optimization by changing the amounts of palladacycle 1, base, amine or 
Mo(CO)6 used did not result in any improvement in the yield of compound 2-15a 
(Table 2-15, entries 10-15). Addition of TBAB as an additive also provided 
compound 2-15a in the same yield (Table 2-15, entry 16). 
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Entry Base Temp (
o
C) Time (min) Yield of 2-15a
b
 (%) 
1 DIPEA 130 3 84 
2 DIPEA 110 10 93 
3 DIPEA 90 20 92 
4 TEA 110 10 85 
5 DBU 110 20 13 
6 Bu3N 110 10 79 
7
 
Na2CO3 110 15 63 
8 K2CO3 110 10 74 
9 Cs2CO3 110 10 81 
10
c
 DIPEA 110 10 34 
11
d
 DIPEA 110 15 93 
12
e
 DIPEA 110 5 87 
13
f 
DIPEA 110 10 84 
14
g 
DIPEA 110 10 90 
15
h
 DIPEA 110 10 64 
16
i
 DIPEA 110 10 93 
a 
Reaction condition: 2-2b14 (0.5 mmol), 2-14a (5.0 equiv.), 1 (1 mol% Pd), 
Mo(CO)6 (0.5 equiv.), base (3.0 equiv.), H2O (1.0 mL). 
b
 Isolated yields. 
c
 Absence of palladacycle 1. 
d
 0.5 mol% Pd. 
e
 2 mol% Pd. 
f
 1.5 equiv. base used. 
g 
1.0 equiv. Mo(CO)6 used. 
h
 2.0 equiv. amine used. 
i




To demonstrate the versatility of the optimized reaction condition, we carried out the 
reaction with different aryl iodides and various aromatic and alkyl amines. The 
reaction proceeded well with aryl iodides bearing different functional groups and 
neither electronic nor steric properties were of much importance for the reaction 
efficiency (Table 2-16, entries 1-13). It is worth noting that for the 
aminocarbonylation of aryl iodides, only a simple workup is needed in the 
purification of the compounds: F-SPE was first carried out to remove palladacycle 1 
followed by a partition with 2M HCl (aq)/ethyl acetate. 
 
Initial attempts to apply the optimized reaction condition to aryl bromides were 
unsuccessful as the reaction proceeded very sluggishly. When the temperature was 
increased to 120 °C, only trace amount of the desired product was observed. Earlier 
studies
 
have shown that (t-Bu)3P-releasing [(t-Bu)3PH]BF4 salt in combination with 
microwave heating could enable an acceleration of the Mo(CO)6-mediated 
aminocarbonylation reaction.
35-39
 Hence we decided to investigate the reaction in the 
presence of 2 mol% [(t-Bu)3PH]BF4 which furnished the desired amide in good to 
excellent yields (Table 2-16, entries 14-22). The purification procedure involved an 
additional step where the crude product was pass through a short pad of silica gel 
after extractive workup to remove the [(t-Bu)3PH]BF4. 
 









































































































































 Reaction condition: aryl halide (0.5 mmol), amine (5.0 equiv.), 1 (1 mol% Pd), 
Mo(CO)6 (0.5 equiv.), DIPEA (3.0 equiv.), H2O (1.0 mL).  
b
 Isolated yields.  
c




 Using 4,4’-dimethoxybenzophenone oxime palladacycle instead of 1. 
e









 2 mol% [(t-Bu)3PH]BF4 added. 
h 












 Using Herrmann’s palladacycle: 5 mol% Pd, 10 mol% [(t-Bu)3PH]BF4, Mo(CO)6, 
Na2CO3, water, M.W. 140°C.
35 
 
A proposed catalytic cycle of the palladacycle 1 catalyzed carbonylation reaction is 
depicted in Scheme 2-4. The general mechanism usually involves (1) the slow release 
of Pd(0) from palladacycle 1, (2) oxidative addition of Pd(0) to the phenyl halide to 
form the organopalladium(II) intermediate, (3) the insertion of carbon monoxide 
which is produced in situ from the thermal decomposition of Mo(CO)6, (4) 
transmetallation of the nucleophilic species and (5) formation of the product and 
regeneration of Pd(0) via reductive elimination.  
 
 




2.10   Recycling of Palladacycle 1 for Carbonylation Reactions 
We next investigated the possibility of recycling and reusing palladacycle 1 from the 
carbonylation reactions. The three different carbonylation reactions were performed 
under the optimized reaction condition. To stabilize the Pd nanoparticles so as to 
avoid aggregation,
43-47
 one equivalent of TBAB was added as an additive to the 
reaction mixture and the recycling was successfully carried out over 5 cycles with 
little loss of catalytic activity (Table 2-17). Recovery of palladacycle 1 was good and 
ICP-OES analysis of the crude product indicated that the Pd leaching was low. 
 

















 (mg Pd/g product) 
 
1 12 73 91 <0.05 
2 15 70 87 <0.05 
3 18 66 82 <0.05 
4 21 63 78 <0.05 
5 25 60 74 <0.05 
 
6 15 94 92 <0.05 
7
 
18 92 89 <0.05 
8 21 90 87 <0.05 
9 25 87 85 <0.05 




11 10 94 95 <0.05 
12 12 92 92 <0.05 
13 14 90 88 <0.05 
14 17 87 86 <0.05 
15 20 84 81 <0.05 
a
 Reaction condition: respective optimized reaction condition and TBAB (1.0 equiv.). 
b
 Time required for reaction to reach completion using recovered palladacycle 1 from 
previous cycle. 
c
 Isolated yields. 
d
 Recovered by F-SPE. 
e
 Determined by ICP-OES of the crude product. 
 
2.11   Application of Carbonylation Protocol  
Finally, we proceeded to apply our optimized protocols for the synthesis of several 
simple biologically-relevant compounds. Firstly, the precursor of a human 
immunodeficiency virus (HIV) non-nucleosidic reverse transcriptase inhibitor 
(NNRTI) analog 2-11q was obtained in a single step from aryl halide 2-2b24 and 
boronic acid 2-10g in 54% yield via the carbonylative Suzuki-Miyaura reaction 
(Table 2-18, entry 1). The synthesis of compound 2-11q was previously achieved via 
a metal-halogen exchange reaction of n-BuLi and 2-bromo-4-chloroanisole followed 










Table 2-18. Application of palladacycle 1 catalyzed carbonylation to the synthesis of 
biologically-relevant compounds 

































 Isolated yields. 
b
 Reaction condition: 2-2b24 (0.6 mmol), 2-10g (2.5 equiv.), 1 (1 mol% Pd), 
Mo(CO)6 (1.5 equiv.), DIPEA (3.0 equiv.), H2O (1.0 mL), M.W. 140 °C. 
c
 Reaction condition: 2-2b20 (1.0 mmol), water (1.0 mL), 1 (1 mol% Pd), Mo(CO)6 
(0.5 equiv.), DIPEA (1.5 equiv.), M.W. 130 °C. 
d
 Reaction condition: 2-2b16 (1.0 mmol), 2-12a or 2-12c (5.0 equiv.), 1 (1 mol% Pd), 
Mo(CO)6 (0.5 equiv.), DIPEA (1.5 equiv.), M.W. 130 °C. 
e
 Reaction condition: 2-2b16 (0.5 mmol), 2-14e (5.0 equiv.), 1 (1 mol% Pd), 
Mo(CO)6 (0.5 equiv.), DIPEA (3.0 equiv.), H2O (1.0 mL), M.W. 110 °C. 
 
Next, we explored the application of the alkoxycarbonation reaction in the synthesis 
of niacin 2-13t. In our earlier studies, we have obtained the ethyl ester of niacin 2-13n 
in good yield (Table 2-14, entry 14). In addition, we have shown that in the presence 
of water, benzoic acid was obtained as the sole product (Table 2-13, entry 1). With 
these results, we proceeded to treat 3-iodopyridine 2-2b20 with water as the 
nucleophile which gave niacin 2-13t in 81% yield (Table 2-18, entry 2). Typical 
industrial methods for obtaining niacin include (i) the oxidation of 5-ethyl-2-
56 
 
methylpyridine under high temperature (230-270 
o
C) and pressure (6-8 MPa)
49
 and 
(ii) metal-catalyzed ammoxidation of 3-methylpyridine (350 
o
C, 60 MPa) followed by 




 Hence compared to the 
industrial methods, our aqueous protocol provides a milder and more direct synthesis 
of niacin. 
 
Besides niacin, we have also applied our alkoxycarbonylation protocol to the 
synthesis of benzocaine 2-13u and butamben 2-13v in 88% and 90% yields 
respectively (Table 2-18, entries 3-4). Finally, using 4-iodoaniline 2-2b16 and glycine 
methyl ester hydrochloride 2-14e, we have also successfully applied our 
aminocarbonylation protocol to the preparation of diagnostic agent, methyl 
aminohippurate 2-15t (Table 2-18, entry 5). 
 
2.12   Conclusion 
A uniform and environmentally-benign procedure for the palladium-catalyzed 
annulation of a variety of functionalized aryl halides with internal alkynes in aqueous 
medium under microwave irradiation has been developed. Both symmetrical and 
unsymmetrical internal alkynes bearing alkyl, aryl and silyl groups are suitable for 
this chemistry. It could be applied to the syntheses of 2,3-disubstituted 1-indenones, 
1-indenols, 1-indoles, 5-azaindoles, and benzofurans, as well as 3,4-disubstituted 2-
napthylamines, isoquinolines, isocoumarins, and 1H-isochromenes The annulation 
reactions exhibit excellent regioselectivity providing only one or a major product 
where the bulkiest group is on the 2-position for 2,3-disubstituted compounds or 3-
position for 3,4-disubstituted compounds.  
Palladacycle 1 was also employed in an expedient procedure for the carbonylation of 
aryl halides with various nucleophiles in aqueous or neat medium using Mo(CO)6 as a 
solid carbon monoxide source under microwave irradiation. This methodology can be 
applied to the syntheses of unsymmetrical biaryl ketones, esters and amides.  
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The absence of organic solvent in these methodologies and the ability to recycle and 
reuse palladacycle 1 up to five times with low palladium leaching increases the 
greenness of the reaction. 
 
2.13   Experimental 
2.13.1   General 
All chemicals purchased were used without further purification. C8F17I was purchased 
from Fluorous Technologies, Inc. and used without further purification. Palladacycle 
1 was synthesized according to previously reported procedure.
14a









 were synthesized according to literature 
procedures. Moisture-sensitive reactions were carried out under nitrogen with 
commercially obtained anhydrous solvents. Analytical thin-layer chromatography 
(TLC) was carried out on precoated F254 silica plates and visualized with UV light. 
Column chromatography was performed with silica (Merck, 230-400 mesh). F-SPF 
was performed with FluoroFlash
®




C NMR spectra 
were recorded at 298 K. Chemical shifts are expressed in terms of δ (ppm) relative to 
the internal standard tetramethylsilane (TMS). Mass spectra were recorded under EI 
or ESI mode. Microwave reactions were performed on the Biotage Initiator
TM
 
microwave synthesizer in quartz pressue tubes. Pd leaching values were obtained on a 
Dual-view Optima 5300 DV (inductively coupled plasma) ICP-OES system. 
 
2.13.2   Synthesis of Bis(4-(allyloxy)phenyl)methanone (1b)  
To a solution of 4,4’-dihydroxybenzophenone (5.0 g, 23.3 mmol) in DMF (50 mL) 
was added KOH (6.5 g, 116.7 mmol) and allyl bromide (5.1 mL, 58.4 mmol). The 
reaction mixture was stirred at room temperature for 24 h, quenched with H2O (10 
mL) and consecutively washed with EtOAc (100 mL × 3). The organic layers were 
combined, washed with brine (50 mL × 3), dried over anhydrous MgSO4, filtered and 
58 
 
concentrated. The desired product 1b (6.77 g, 99%) was obtained as a white crystal 
after purification by column chromatography.  
 
2.13.3   Synthesis of Bis(4-(perfluorooctyl-2-iodopropoxy)phenyl) methanone (1c) 
Compound 1b (0.59 g, 2.0 mmol) was dissolved in dichloroethane (1.2 mL) and 
C8F17I (1.3 mL, 4.8 mmol) and AIBN (65.6 mg, 0.4 mmol) were added. The reaction 
flask was equipped with a condenser, and the apparatus was purged and filled with 
Ar, stirred at 85 °C for 18 h and then concentrated to dryness. The desired product 1c 
(2.06 g, 74%) was obtained as a pale yellow solid after purification by column 
chromatography.  
 
2.13.4   Synthesis of Bis(4-(perfluorooctylpropoxy)phenyl)methanone (1d) 
Compound 1c (20.8 g, 15.0 mmol) was dissolved in dichloroethane (80 mL) and 
Bu3SnH (10.5 mL, 39.0 mmol) and AIBN (0.49 mg, 3.0 mmol) were added. The 
reaction flask was equipped with a condenser, and the apparatus was purged and 
filled with Ar. The reaction mixture was stirred at 85 °C for 18 h and then 
concentrated to dryness. The desired product 1d (15.19 g, 89%) was obtained as a 
white solid after purification by column chromatography.  
 
2.13.5   Synthesis of Bis(4-(perfluorooctylpropoxy)phenyl)methanone oxime (1e) 
2.13.5.1 Previously Reported Approach 
To a solution of compound 1d (1.26 g, 1.11 mmol) and triethylamine (1.7 mL, 12.5 
mmol) in anhydrous EtOH (10.0 mL) and benzene (15.0 mL) was added 
hydroxylamine hydrochloride (575 mg, 8.28 mmol). The mixture was refluxed with a 
Dean-Stark apparatus for 16 h and then concentrated to dryness. 5% citric acid was 
added and the resulting mixture was extracted with EtOAc. The organic phase was 
washed consecutively with 5% citric acid, 5% NaHCO3, H2O and brine, dried over 
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anhydrous MgSO4, filtered and concentrated. The desired product 1e (1.11 g, 87%) 
was obtained as a white solid after purification by column chromatography. 
 
2.13.5.2 Greener Approach using Microwave Irradiation 
A mixture of compound 1d (312 mg, 0.275 mmol), NaOH (55 mg, 1.375 mmol) and 
hydroxylamine hydrochloride (30 mg, 0.43 mmol) in 25 : 1 95% EtOH–H2O (520 μL) 
was heated in a pressure tube at 100 °C under microwave irradiation for 15 min. The 
reaction was monitored by TLC. When the reaction was complete, the reaction 
mixture was cooled to room temperature and concentrated to dryness. 2 M HCl was 
added and the resulting mixture was extracted with EtOAc. The organic phase was 
washed consecutively with 2 M HCl, 5% NaHCO3, water and brine. Thereafter, the 
organic layer was dried over anhydrous MgSO4, filtered and concentrated to provide 
compound 1e in 91% yield (296 mg).  
 
2.13.6   Synthesis of Palladacycle (1) 
To a suspension of oxime 1e (2.3 g, 2.0 mmol) in acetone (26 mL) was added 
anhydrous sodium acetate (0.165 g, 2.0 mmol) and Li2PdCl4 (0.524 g, 2.0 mmol). The 
mixture was stirred under reflux for 1 day. After which, water (10 mL) was added and 
the precipitate which formed was filtered off and dried under reduced pressure over 
P2O5 to give the desired product 1 (2.33 g, 90%) as a brown solid.  
 
2.13.7   General Procedure for the Palladium-Catalyzed Annulation of Internal 
Alkyne under Microwave Irradiation 
A mixture of the functionalized aryl halide (0.25 mmol), internal alkyne (1.5 
equivalents for solid alkyne or 3 equivalents for liquid alkyne), TBAB (81 mg, 0.25 
mmol), Na2CO3 (53 mg, 0.50 mmol), palladacycle 1 (1 mol% Pd) and water (1.0 mL) 
was heated in a pressure tube at 150 
o
C under microwave irradiation. The reaction 
was monitored by TLC. When the reaction has completed, the reaction mixture was 
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cooled to room temperature, poured into EtOAc (20 mL) and washed with water (3 x 
10 mL). The organic layer was dried over anhydrous MgSO4, filtered, concentrated 
and purified by column chromatography. 
 
2.13.8   General Procedure for the Recycling Experiment for Annulation 
Reactions using F-SPE 
Recycling experiments were carried out on a 1.25 mmol scale using the general 
procedure described in section 2.13.7. The crude product was first diluted with 
THF:H2O = 8:2 (1 mL) and loaded into a F-SPE fluorous silica column (column 
diameter: 2.20 cm; amount of fluorous silica required: calculated based on 10% of 
crude product loaded by weight). The crude product was then eluted using THF:H2O 
= 8:2 (30 mL) as eluent and the palladacycle 1 (see Table 10 for amount of recovered 
1) was subsequently eluted with THF (20 mL). The fluorous silica was regenerated 
and reused (5 times) after washing with acetone (10 mL). For elemental analysis of 
Pd leaching, a small volume of a solution of the crude product was concentrated and 
analysed by ICP-OES. To determine the amount of product formed after each 
recycling experiment, the solution of crude product was concentrated, diluted with 
EtOAc (20 mL) and washed with water (10 mL). The organic layer was dried over 
anhydrous MgSO4, filtered, concentrated and then purified by column 
chromatography. The subsequent cycles were scaled down according to the amount of 
recovered palladacycle 1. 
 
2.13.9   General Procedure for the Carbonylative Suzuki-Miyaura Coupling of 
Aryl Halide and Arylboronic Acid 
A mixture of the aryl halide (0.6 mmol), arylboronic acid (2.5 equivalents), Mo(CO)6 
(1.5 equivalents), DIPEA (3.0 equivalents), palladacycle 1 (1 mol% Pd) and water 
(1.0 mL) was heated in a pressure tube at 140 °C under microwave irradiation. The 
reaction was monitored by TLC. When the reaction has completed, the reaction 
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mixture was cooled to room temperature, poured into EtOAc (20 mL) and washed 
successively with water (3 × 10 mL). The organic layer was dried over anhydrous 
MgSO4, filtered and concentrated. The crude product was then purified by column 
chromatography to give pure 2-11. 
 
2.13.10   General Procedure for the Alkoxycarbonylation of Aryl Halide and 
Alcohol  
A mixture of the aryl halide (1.0 mmol), alcohol (5.0 equivalents), Mo(CO)6 (0.5 
equivalents), DIPEA (1.5 equivalents) and palladacycle 1 (1 mol% Pd) was heated in 
a pressure tube at 130 °C under microwave irradiation. The reaction was monitored 
by TLC. When the reaction has completed, the reaction mixture was cooled to room 
temperature and the alcohol was removed. The crude mixture was subjected to F-SPE 
to remove palladacycle 1 (see general procedure for the recycling of palladacycle 1) 
and the solution of crude product was concentrated, diluted with EtOAc (20 mL) and 
washed successively with 2M HCl (2 × 10 mL) and water (10 mL). The organic layer 
was dried over anhydrous MgSO4, filtered and concentrated to give pure 2-13. 
 
2.13.11   General Procedure for the Aminocarbonylation of Aryl Halide and 
Amine 
A mixture of the aryl halide (0.5 mmol), amine (5.0 equivalents), Mo(CO)6 (0.5 
equivalents), DIPEA (3.0 equivalents), palladacycle 1 (1 mol% Pd), [(t-Bu)3PH]BF4 
(2 mol%, for aryl bromides only) and water (1.0 mL) was heated in a pressure tube at 
110 °C (for aryl iodides) or 120 °C (for aryl bromides) under microwave irradiation. 
The reaction was monitored by TLC. When the reaction has completed, the reaction 






2.13.11.1   Workup and Purification for Aryl Iodide 
Water was removed and the crude mixture was subjected to F-SPE to remove 
palladacycle 1 (see general procedure for the recycling of palladacycle 1). The 
solution of crude product was concentrated, diluted with EtOAc (20 mL) and washed 
successively with 2M HCl (2 × 10 mL) and water (10 mL). The organic layer was 
dried over anhydrous MgSO4, filtered and concentrated to give pure 2-15. 
 
2.13.11.2   Workup and Purification for Aryl Bromide 
The reaction mixture was poured into EtOAc (20 mL) and washed successively with 
water (3 × 10 mL). The organic layer was dried over anhydrous MgSO4, filtered and 
concentrated. The crude product was then passed through a short pad of silica (eluent 
is hexane-EtOAc) to give pure 2-15. 
 
2.13.12   General Procedure for the Recycling Experiment for Carbonylation 
Reactions using F-SPE 
Recycling experiments were carried out on a 1.36 mmol scale for the carbonylative 
Suzuki-Miyaura reaction and 1.50 mmol scale for both alkoxy- and 
aminocarbonylation reactions using the general procedures described above. The 
crude product was first diluted with THF–H2O = 8:2 (1.0 mL) and loaded into a F-
SPE fluorous silica column (column diameter: 2.20 cm; amount of fluorous silica 
required: calculated based on 10% of crude product loaded by weight). The crude 
product was then eluted using THF–H2O = 8:2 (30 mL) as eluent and the palladacycle 
1 (see Table 2-17 for amount of recovered 1) was subsequently eluted with THF (20 
mL). The fluorous silica was regenerated and reused (5 times) after washing with 
acetone (10 mL). For elemental analysis of Pd leaching, a small volume of a solution 
of the crude product was concentrated and analysed by ICP-OES. To determine the 
amount of product formed after each recycling experiment, the solution of crude 
product was concentrated, diluted with EtOAc (20 mL) and washed with water (10 
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mL). The organic layer was dried over anhydrous MgSO4, filtered, concentrated and 
purified. The subsequent cycles were scaled down according to the amount of 
recovered palladacycle 1. 
 
2.13.12.1   Sample Preparation for Metal Analysis 
Sample was digested with HNO3/HCl and topped up to 10 mL with H2O. 
 
2.14   References 
1. R. C. Larock and M. J. Doty, J. Org. Chem., 1993, 58, 4579. 
2. L. G. Quan, V. Gevorgyan and Y. Yamamoto, J. Am. Chem. Soc., 1999, 121, 
3545. 
3. Q. Tian, A. A. Pletnev and R. C Larock, J. Org. Chem., 2003, 68, 339. 
4. (a) R. C. Larock, E. K. Yum, and M. D. Refvik, J. Org. Chem., 1998, 63, 7652. (b) 
D. Zhang, E. K. Yum, Z. Liu and R. C. Larock, Org. Lett., 2005, 7, 4963. 
5. F. Ujjainwalla and D. Warner, Tetrahedron Lett., 1998, 39, 5355. 
6. K. R. Roesch, H. Zhang and R. C. Larock, J. Org. Chem., 2001, 66, 8042. 
7. R. C. Larock, M. J. Doty and X. Han, J. Org. Chem., 1999, 64, 8770. 
8. R. C. Larock, 1997, US5596100A, 19970121. 
9. (a) G. Zeni and R. C. Larock, Chem. Rev., 2006, 106, 4644; (b) Y. Wang, L. Liu 
and L. Zhang, Chem. Sci., 2013, 4, 739. (b) J. J. Li, Name Reactions in 
Heterocyclic Chemistry II, 2011, John Wiley & Sons, Inc., Hoboken, New Jersey, 
pp 146. (c) D. Yue and R. C. Larock, J. Org. Chem., 2002, 67, 1905; (d) J. Tsuji, 
Palladium in Organic Synthesis, 2005, Springer-Verlag, Berlin, pp 147; (e) Y. 
Yoshida, T. Kurahashi and S. Matsubara, Chem. Lett., 2011, 40, 1067; (f) R. P. 
Korivi and C.-H. Cheng, J. Org. Chem., 2006, 71, 7079; (g) D. A. Alonso, C. 
Nájera and M. C. Pacheco, Adv. Synth. Catal., 2002, 344, 172. 
64 
 
10. (a) E. B. Mubofu, J. H. Clark, D. Macquarrie, Green Chem., 2001, 3, 23. (b) D. 
Rosario-Amorin, X. Wang, M. Gaboyard, R. Clérac, S. Nlate, K. Heuzé, Chem. 
Eur. J., 2009, 15, 12636. 
11. (a) N. Batail, V. Dufaud and L. Djakovitch, Tetrahedron Lett., 2011, 52, 1916; 
(b) H.-C. Zhang, K. K. Brumfield and B. E. Maryanoff, Tetrahedron Lett., 1997, 
38, 2439; (c) Y Monguchi, S. Mori, S. Aoyagi, A. Tsutsui, T. Maegawa and H. 
Sajiki, Org. Biomol. Chem., 2010, 8, 3338. (d) L. Djakovitch, N. Bartail and M. 
Genelot, Molecules, 2011, 16, 5241. 
12. (a) J.-M. Vincent, Top. Curr. Chem., 2012, 308, 153; (b) I. T. Horváth and J. 
Rábai, Science, 1994, 266, 72. 
13. D. Dallinger and C. O. Kappe, Chem. Rev., 2007, 107, 2563. 
14. (a) W. Susanto, C.-Y. Chu, W. J. Ang, T.-C. Chou, L.-C. Lo and Y Lam, Green 
Chem., 2012, 14, 77; (b) W. Susanto, C.-Y. Chu, W. J. Ang, T.-C. Chou, L.-C. Lo 
and Y Lam, J. Org. Chem., 2012, 77, 2729. 
15. W. Zhang and D. P. Curran, Tetrahedron, 2006, 62, 11837. 
16. M. A. K. Khalil, R. A. Rasmussen, J. A. Culbertson, J. M. Prins, E. P.  Grimsrud 
and M. J. Shearer, Environ. Sci. Technol., 2003, 37, 4358. 
17. (a) I. P. Beletskaya and A. V. Cheprakov, J. Organomet. Chem., 2004, 689, 4055; 
(b) D. A. Alonso, C. Nájera and M. C. Pacheco, Org. Lett., 2000, 2, 1823; (c) N. 
T. S. Phan, M. Van Der Sluys and C. W. Jones, Adv. Synth. Catal., 2006, 348, 
609; (d) C. Ramesh, Y. Kubota, M. Miwa and Y. Sugi, Synthesis, 2002, 15, 2171. 
18. (a) X. F. Wu, H. Neumann and M. Beller, Chem. Rev., 2012, 113, 1; (b) A. 
Brennführer, H. Neumann and M. Beller, Angew. Chem. Int. Ed., 2009, 48, 4114. 
19. X.-F. Wu, H. Neumann and M. Beller, Chem. Soc. Rev., 2011, 40, 4986. 
20. R. Griggs and S. P. Mutton, Tetrahedron, 2010, 66, 5515. 
21. M. Beller, B. Cornils, C. D. Frohning and C. W. Kohlpaintner, J. Mol. Catal. A: 
Chem., 1995, 104, 17. 
22. S. T. Gadge and B. M. Bhanage, RSC Adv., 2014, 4, 10367. 
65 
 
23. C. F. J. Barnard, Organometallics 2008, 27, 5402. 
24. X.-F. Wu, H. Neumann and M. Beller, Tetrahedron Lett., 2010, 51, 6146. 
25. X.-F. Wu, H. Neumann and M. Beller, Adv. Synth. Catal., 2011, 353, 788. 
26. J. Wannberg and M. Larhed, Modern Carbonylation Methods (ed. L. Kollár), 
Wiley-VCH Verlag GmbH, Weinheim, 2008, pp 93. 
27. M. Larhed, C. Moberg and A. Hallberg, Acc. Chem. Res., 2002, 35, 717. 
28. V. Polshettiwar and R. S. Varma, Acc. Chem. Res., 2008, 41, 629. 
29. A. Loupy, Microwave in Organic Synthesis Volume 1 Wiley-VCH Verlag GmbH 
and Co, Weinheim, 2008, pp 362. 
30. F. Jafarpour, P. Rashidi-Ranjbar and A. O. Kashani, Eur. J. Org. Chem., 2011, 
11, 2128. 
31. J. Georgsson, A. Hallberg and M. Larhed, J. Comb. Chem., 2003, 5, 350. 
32. S. Baggett, E. P. Mazzola and E. J. Kennelly, Nat. Prod. Chem., 2005, 32, 721 
and references cited therein. 
33. (a) K. R. Romines, G. A. Freeman, L. T. Schaller, J. R. Cowan, S. S. Gonzales, J. 
H. Tidwell, C. W. Andrews, D. K. Stammers, R. J. Hazen, R. G. Ferris, S. A. 
Short, J. H. Chan and L. R. Boone, J. Med. Chem., 2006, 49, 727. (b) H. Minami, 
M. Kinoshita, Y. Fukuyama, M. Kodama, T. Yoshizawa, M. Sugiura, K. 
Nakagawa and H. Tago, Phytochemistry, 1994, 36, 501. (c) P. J. Masson, D. 
Coup, J. Millet and N. L. Brown, J. Biol. Chem., 1994, 270, 2662. 
34. C. W. Schellhammer. Methoden de Organischen Chemie (Houben-Weyl), 
Thieme, Stuttgart, 1973, vol. 7/2a, pp 15. 
35. X. Wu, J. K. Ekegren and M. Larhed, Organometallics, 2006, 25, 1434. 
36. G. Jia and R. H. Morris, J. Am. Chem. Soc., 1991, 113, 875. 
37. M. R. Netherton and G. C. Fu, Org. Lett., 2001, 3, 4295. 
38. A. F. Littke and G. C. Fu, J. Am. Chem. Soc., 2001, 123, 6989. 
39. O. Lagerlund and M. Larhed, J. Comb. Chem., 2006, 8, 4. 
40. K. Yamazaki and Y. Kondo, J. Comb. Chem., 2004, 6, 121. 
66 
 
41. N. K. Kaiser, A. Hallberg and M. Larhed, J. Comb. Chem., 2002, 4, 109. 
42. W. Wu and M. Larhed, Org. Lett., 2005, 7, 3327. 
43. B. J. Gallon, R. W. Kojima, R. B. Kaner and P. L. Diaconescu, Angew. Chem. Int. 
Ed., 2007, 46, 7251. 
44. B. Yuan, Y. Pan, Y. Li, B. Yin and H. Jiang, Angew. Chem. Int. Ed., 2010, 49, 
4054. 
45. B. Karimi, D. Elhamfar, J. H. Clark and A. Hunt, Chem. Eur. J., 2010, 16, 8047. 
46. J. H. Han, Y. Liu and R. Guo, J. Am. Chem. Soc., 2009, 131, 2060. 
47. B. Karimi and P. F. Akhavan, Chem. Commun., 2011, 47, 7686. 
48. K. R. Romines, G. A. Freeman, L. T. Schaller, J. R. Cowan, S. S. Gonzales, J. H. 
Tidwell, C. W. Andrews, D. K. Stammers, R. J. Hazen, R. G. Ferris, S. A. Short, 
J. H. Chan and L. R. Boone, J. Med. Chem., 2006, 49, 727. 
49. A. Stocker, O. Marti, T. Pfammatter, and G. Schreiner, CH-A 548 394, 1969. 
50. H. Beschke, H. Friedrich, J. D. Heilos, DE-OS 3 107 755, 1982. 
51. K. R. Roesch and R. C. Larock, J. Org. Chem., 1998, 63, 5306. 
















Application of a Recyclable Fluorous Oxime in the Convenient Synthesis of 3-
Amino-1,2-benzisoxazoles and 4-Amino-1H-2,3-benzoxazines 
 
3.1   Introduction 
In recent years, molecular tagging strategies, which aim to facilitate purification by 
changing the physical properties or partitioning behaviour of the compound through 
the attachment of a suitable tag, have been introduced. The compounds which are 
commonly tagged are the substrate, reagent, catalyst or scavenger. The tags that are 
typically used are either the polymer- or fluorous-support. In polymer-supported 
reactions,
1
 the heterogeneous reaction mixture eases product separation but causes 
disadvantages such as slow reaction and the need to use a large excess of reagent. In 
fluorous synthesis, perfluoroalkyl chains are used as tags. The high solubility of the 
fluorous tags in organic solvents results in the reaction occurring in a homogeneous 
reaction mixture with solution-phase reaction kinetics and the distinct physical 
properties of the fluorous compounds enable easy separation, via F-LLE or F-SPE, 
from the non-fluorous species. The potential of the fluorous tagging strategy has thus 
inspired the development of many fluorous reagents, catalysts and scavengers to 
facilitate chemical synthesis.
2









 and borane carriers
7
 have 




 reported the use of a fluorous benzophenone imine reagent as a 
ammonia surrogate in the palladium-catalysed amination of aryl halides (Scheme 3-
1). Purification of the intermediate and the separation of fluorous by-product was 
simplified using F-SPE. However, there were no attempts to regenerate the fluorous 





Scheme 3-1. Palladium-catalysed amination of aryl halides using a fluorous 
benzophenone imine reagent. 
 
Fluorous oxime tag 1e was previously used as the ligand in the synthesis of an oxime-
based palladacycle for C-C bond formation reactions (Chapter 2). Our interest in the 
development of environmentally friendly reagents
8
 has led us to explore the 
possibility of a recyclable fluorous oxime tag 1e
8a
 for the synthesis of two series of 
compound libraries carrying 3-amino-1,2-benzisoxazole 3-2 and 4-amino-1H-2,3-
benzoxazine 3-3, respectively, as the core structures (Figure 3-1).  
 
 
Figure 3-1. Structures of 1e, 3-2 and 3-3. 
 
Fluorous oxime tag 1e is classified as a light fluorous compound (fluorine content 
<60%).
9 
The high chemical and thermal stability of fluorous tags also allow the 
reactions to be carried out under microwave irradiation. Fluorous oxime tag 1e is 
soluble in common organic solvents. Products derived from 1e can be separated from 
the non-fluorous compounds using fluorous silica gel eluted with THF/H2O, which 
eliminates the use of environmentally persistent perfluorinated solvents.
10
 In addition, 
the fluorous silica gel can be reused multiple times after washing with THF and 
acetone.
11
 Thus, compared to conventional column chromatography, this technique 




Compound 3-2 constitutes an important class of heterocycles because they are found 
in many pharmacologically active substances. The scaffold has been integrated into 
the structure of a potent LTB4 receptor antagonist
12
 and various analogs of 3-2 are 
known to possess anti-thrombin activities.
13 
Furthermore, they are key intermediates 
in the synthesis of compounds exhibiting dual inhibition of acetylcholinesterase 
(AChE) and monoamine-oxidase (MAO), and are potential therapeutic agents for the 
treatment of Senile Dementia of the Alzheimer type (SDAT).
14 
Because of their 
interesting biological properties, various synthetic routes to compound 3-2 have been 
reported. The three most common methods used are via the formation of the 1-1a or 
1-2 bond or through the simultaneous formation of the 1-1a and 3-3a bonds (Figure 3-
1).
15
 Solution-phase synthesis of 3-2 via the formation of the 2-3 bond is less 
commonly reported.
16
 Shutske and Kapples
16a
 reported their two-pot procedure using 
o-halobenzonitrile and the potassium anion of acetone oxime to form the 2-
[(isopropylidene-amino)oxy]benzonitrile and subsequently cyclisation and hydrolysis 
afforded the 3-amino-1,2-benzisoxazole in 59% yield. Palermo
16b
 subsequently 
reported a one step procedure which involved treating the o-halobenzonitrile with 
hydroxamate anion and an in situ base-catalyzed intramolecular cyclization and 
afforded the 3-amino-1,2-benzisoxazole in 55% yield. Lepore
16c
 further improved 
Shutske’s methodology by replaceing the acetone oxime with Kaiser oxime resin with 
an improved yield to 78% and facilitated the ease of purification. However no 
attempts were made to recycle the resin. 
 
Fluorous oxime tag 1e can be used as a convenient and regenerable substrate-tag for 
the synthesis of 3-2 and 3-3. We demonstrate a procedure that enables the spent 
fluorous-tag to be readily recovered in stoichiometric amounts, regenerated and 
reused (Scheme 3-2). In addition, this protocol is highly atom economical as the N-O 





Scheme 3-2. Synthetic route towards compound 3-2, in which 1d could be recycled. 
 
3.2   Synthesis of 3-Amino-1,2-benzisoxazoles 
In our initial studies on the synthesis of 3-2, the key intermediate 3-5a was 
synthesized and isolated using a conventional heating procedure
16c
 that involved 
treating fluorous oxime tag 1e with 2-fluorobenzonitrile 3-4a and t-BuOK in DMF at 
55 
o
C. The reaction was monitored by TLC, was found to be completed after 12 h and 
provided intermediate 3-5a in 45% yield (Table 3-1, entry 1). Subsequent treatment 
of intermediate 3-5a with 4:1 TFA/aqueous 5M HCl at 55 
o
C for 2 h gave the product 
3-2a in 95% yield. To optimize the nucleophilic aromatic substitution reaction, we 
first varied the solvent and found that the reaction proceeded most efficiently in THF 
(Table 3-1, entries 1-3). Next, we explored different bases. Non-nucleophilic bases 
such as LiHMDS and DBU were shown to afford 3-5a in lower yields than t-BuOK 
(Table 3-1, entries 3-5).  
 
Table 3-1. Optimization of the nucleophilic aromatic substitution reaction 
 
Entry Solvent Base Reaction conditiona Yield of 3-5a (%)b 
1 DMF t-BuOK A 45 
2 CH2Cl2 t-BuOK A 79 
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3 THF t-BuOK A 90 
4 THF LiHMDS A 10 
5 THF DBU A 43 
6 THF t-BuOK M.W., 75 
o
C, 115 min 90 
7 THF t-BuOK M.W., 85 
o
C, 70 min 88 
8 THF t-BuOK M.W., 95 
o
C, 40 min 96 
9 CH2Cl2 t-BuOK M.W., 95 
o
C, 70 min 84 
10 DMF t-BuOK M.W., 95 
o
C, 50 min 58 
a
 Condition A: conventional heating at 55 
o
C for 12 h.  
b
 Isolated yields.  
 
To facilitate a rapid synthesis of 3-2a, we explored microwave irradiation (Table 3-1, 
entries 6-10) and found that compound 3-5a was obtained in the highest yield (96%) 
when the reaction was performed in THF at 95 
o
C for 40 min (Table 3-1, entry 8). 
Subsequent reaction of 3-5a with 4:1 TFA/aqueous 5M HCl under microwave 
irradiation at 95 
o
C for 8 min resulted in the cyclization of 3-5a with concomitant 
cleavage of the fluorous-tag to give product 3-2a and the fluorous ketone 1d (Scheme 
3-3), which could be easily separated using F-SPE to provide pure 3-2a in 
quantitative yield. Not only is the overall yield of 3-2 obtained under microwave 
synthesis higher than that achieved via conventional heating, it also offered a much 
more efficient protocol in term of time consumed. 
 
Scheme 3-3. Cyclization of 3-5a with concomitant cleavage of the fluorous-tag. 
 
Since microwave irradiation conditions could be applied to both steps of the 
synthesis, we further explored the possibility of synthesizing compound 3-2a directly 
from 3-4a without isolating and purifying intermediate 3-5a. Gratifyingly, this 
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methodology proceeded efficiently and provided compound 3-2a (94%) in 
comparable yield (Table 3-2, entry 1) to the two-step microwave irradiation 
procedure (95%). Using the optimized reaction condition, we extended the reaction to 
various substituted o-fluorobenzonitriles 3-4 which gave the respective compound 3-2 
in moderate to good yields (Table 3-2). It is worth noting that a comparison of 
fluorous oxime tag 1e with its Kaiser oxime resin counterpart showed that 1e 
provided 3-2 in higher yields (Table 3-2, entries 1-2 and 4-5). In addition, ketone 1d 
was also recoverable by F-SPE in very good yield (Table 3-2). 
 




Entry Substrate Product Yield of 3-2 (%)
b



































 The intermediate 3-5 was not isolated.  
b
 Isolated yields over two steps.  
c
 Recovered via F-SPE.  
d 
Conventional heating condition: 1) 55 
o
C, 12 h; 2) 55 
o
C, 2 h. 
e 




 Conventional heating condition: 1) 55 
o
C, 15 h; 2) 55 
o
C, 2 h. 
 
3.3   Synthesis of 4-Amino-1H-2,3-benzoxazines 
Encouraged by these results, we extended our studies to the synthesis of 4-amino-1H-
2,3-benzoxazines 3-3, a class of compounds which have previously been 
demonstrated to possess hypotensive, myorelaxant, anti-inflammatory and sedative 
activities.
17
 Compound 3-3 is typically prepared via a multi-step synthesis which first 
involves the cyclization of α-aminoxy-o-toluic acid to yield 1H-2,3-benzoxazine-
4(3H)-one.
18 
The latter compound was then chlorinated with phosphorus 
pentachloride to give 4-chloro-1H-2,3-benzoxazine
19
 which was then treated with 






















 Herein we applied the reaction condition used for the synthesis of 3-
2 to 2-(bromomethyl)benzonitrile 3-6a and fluorous oxime tag 1e. The first O-
benzylation step went well under microwave condition. However, the second 
cyclization and hydrolytic step proceeded more slowly than in the synthesis of 
compound 3-2 and required 30 min to complete. Compound 3-3a was obtained in 
61% yield and 1d was recovered in 95% yield (Table 3-4, entry 1).  
 
Table 3-3. Synthesis of compound 3-3 library 
a
 Isolated yields over two steps.  
b
 Recovered via F-SPE. 
 
To demonstrate the versatility of this procedure, we have applied it to other analogs of 
2-(bromomethyl)benzonitrile which gave the corresponding compound 3-3 
 
Entry Substrate Product Yield of 3-3 (%)
a
























derivatives in good to moderate yields (Table 3-4, entries 2-5). It should be 
emphasized that the newly developed synthetic route to compound 3-3 presented here 
is not only shorter and more convenient, but also offers much more sense of 
greenness as compared to the previous methods. 
 
3.4   Recycling Experiments and Extension of Diversity  
Next, we proceeded to investigate the reusing of fluorous oxime tag 1e. Compound 3-
4a was used for the model recycling study under the optimized reaction condition. 
The recycling experiments were carried out over 4 runs which provided compound 3-
2a in 91-94% overall yields (Table 3-4). The amount of fluorous ketone 1d recovered 
after each run was also consistently very high (95-97%). 
 
Table 3-4. Regeneration of 1e under microwave irradiation 
a
 Isolated yields over two steps.  
b
 Recovered via F-SPE. 
 
Since the fluorous aryloxime intermediate 3-5, unlike its Kaiser oxime resin 
counterpart, could be isolated and purified using F-SPE, this prompted us to examine 
the possibility of subjecting 3-5 to further reactions before cyclization and release of 
the fluorous ketone 1d. First, we explored the application of Suzuki coupling reaction 
 
Run Yield of 3-2a (%)
a
 Recovered 1d (%)
b
 
1 94 97 
2 92 95 
3 92 96 
4 91 96 
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on the aryloxime intermediate 3-5. As a model study, the aryloxime intermediate of 4-
bromo-2-fluoronitrile 3-4d was coupled with phenylboronic acid using Pd(PPh3)4 as 
the catalyst and under microwave irradiation at 95 
o
C for 60 min. Subsequent 
cyclization and release of fluorous ketone 1d afforded the biaryl product 3-2c in 47% 
overall yield (over 3 steps) (Table 3-5, entry 1). The Suzuki coupling reaction was 
also demonstrated with the aryloxime intermediate of 4-bromo-2-
(bromomethyl)benzonitrile 3-6b which afforded the biaryl product 3-3c in 34% 
overall yield (over 3 steps) (Table 3-5, entry 2).  
 
Table 3-5. Suzuki coupling reaction of the fluorous aryloxime intermediate 
a
 Isolated yield.  
b
 Recovered via F-SPE.  
c





 Using Kaiser oxime resin reaction condition.
21  
e





Next we assessed the compatibility of the fluorous aryloxime intermediate 3-5 for a 
second nucleophilic aromatic substitution reaction. Compound 3-4h was used to 
prepare the aryloxime intermediate which was then subjected to the nucleophilic 
substitution reaction with phenol using potassium hydroxide as base and DMF as 
solvent under microwave irradiation followed by cyclization and release of fluorous 
 




















ketone 1d to afford the phenoxy compound 3-2f in 31% yield (over 3 steps) (Scheme 
3-4). These results demonstrate that the fluorous aryloxime intermediate 3-5 could 
play a versatile role and have great potential in expanding the structural variation of 
the compound library. 
 
 
Scheme 3-4. Nucleophilic aromatic substitution with aryloxime intermediate of 3-4h. 
 
3.5   Conclusion 
Fluorous oxime 1e was utilized in a convenient, atom economical and 
environmentally friendly synthesis of 3-amino-1,2-benzisoxazoles 3-2 and 4-amino-
1H-2,3-benzoxazines 3-3. The by-product fluorous ketone 1d could be recovered in 
high yield, converted back into 1e, and reused 4 times without significant loss in 
quantity. In addition, the aryloxime intermediate 3-5 could be subjected to further 
reactions resulting in greater diversity of the compound library. More importantly, the 
sense of green chemistry offered by fluorous oxime 1e would certainly create new 
opportunities for those previously considered formidable reactions utilizing 
benzophenone oxime and make them more accessible. 
 
3.6   Experimental 
3.6.1   General 
All chemicals purchased were used without further purification. Reactions were 
carried out under nitrogen with commercially obtained anhydrous solvents. Analytical 
thin-layer chromatography (TLC) was carried out on precoated F254 silica plates and 





C NMR spectra were recorded at 298 K. Chemical shifts are 
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expressed in terms of ppm relative to the internal standard tetramethylsilane (TMS). 
Mass spectra were performed under EI and ESI mode. Microwave reactions were 
performed on the Biotage Initiator™ microwave synthesizer in quartz pressure tubes. 
 
3.6.2   General Procedure for the Synthesis of 3-Amino-1,2-benzisoxazoles under 
Microwave Irradiation 
A mixture of fluorous tag 1e (230 mg, 0.20 mmol), the respective o-
fluorobenzonitriles 3-4 (0.20 mmol) and potassium tert-butoxide (27 mg, 0.24 mmol) 
in THF (2.60 mL) was heated in a pressure tube at 95 °C under microwave irradiation 
for 40 min. The reaction was monitored by TLC. When the reaction was complete, 
the mixture was cooled to room temperature and concentrated to dryness. The 
reaction mixture was diluted with ethyl acetate (20 mL) and washed with sodium 
bicarbonate (10 mL), water (10 mL) and brine (10 mL). The organic layer was 
separated, dried over anhydrous MgSO4, filtered and concentrated. A solution of 4 : 1 
TFA–5 M HCl (aq.) (5 mL) was added to the crude product and the reaction mixture 
was heated in a pressure tube at 95 °C under microwave irradiation for 8 min. The 
reaction was monitored by TLC. When the reaction was complete, the mixture was 
cooled to room temperature and basified with 10% NaOH. The aqueous solution was 
extracted with ethyl acetate (50 mL), washed with water (20 mL), dried over 
anhydrous MgSO4, filtered, concentrated and subjected to F-SPE. 
 
3.6.3   General Procedure for F-SPE 
The crude product was first diluted with THF–H2O = 1 : 1 and loaded into F-SPE 
fluorous silica. The product was then eluted using THF–H2O = 1 : 1 and the 
recovered ketone 1d was subsequently eluted with THF and concentrated. The 
product was then concentrated, diluted with ethyl acetate (50 mL) and washed with 
water (20 mL). The organic layer was separated, dried over anhydrous MgSO4, 
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filtered and concentrated to give the pure, desired product. The subsequent cycles 
were scaled down according to the amount of recovered palladacycle 1. 
 
3.6.4   General Procedure for the Synthesis of 4-Amino-1H-2,3-benzoxazines 
under Microwave Irradiation 
A mixture of fluorous tag 1e (230 mg, 0.20 mmol), the respective 2-
(bromomethyl)benzonitrile 3-6 (0.20 mmol) and potassium tert-butoxide (27 mg, 0.24 
mmol) in THF (2.60 mL) was heated in a pressure tube at 95 °C under microwave 
irradiation for 40 min. The reaction was monitored by TLC. When the reaction was 
complete, the mixture was cooled to room temperature and concentrated to dryness. 
The reaction mixture was diluted with ethyl acetate (20 mL) and washed with sodium 
bicarbonate (10 mL), water (10 mL) and brine (10 mL). The organic layer was 
separated, dried over anhydrous MgSO4, filtered and concentrated. A solution of 4 : 1 
TFA–5 M HCl (aq.) (5 mL) was added to the crude product and the reaction mixture 
was heated in a pressure tube at 95 °C under microwave irradiation for 30 min. The 
reaction was monitored by TLC. When the reaction was complete, the mixture was 
cooled to room temperature and basified with 10% NaOH. The aqueous solution was 
extracted with ethyl acetate (50 mL), washed with water (20 mL), dried over 
anhydrous MgSO4, filtered, concentrated and subjected to F-SPE. 
 
3.6.5   General Procedure for the Suzuki Coupling Reaction with Fluorous-
tagged Aryloxime Intermediate, Cyclization and Concomitant Cleavage of the 
Substrate-tag 
A mixture of the fluorous aryloxime intermediate (0.20 mmol), phenylboronic acid 
(24 mg, 0.20 mmol), 5 mol% Pd(PPh3)4, and Na2CO3 (535 μL, 2 M in H2O, 0.20 
mmol) in THF (2.60 mL) was heated in a pressure tube at 95 °C under microwave 
irradiation (reaction time for 3-4d: 60 min and reaction time for 3-6b: 110 min). The 
reaction was monitored by TLC. When the reaction was complete, the mixture was 
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cooled to room temperature and concentrated to dryness. The reaction mixture was 
diluted with ethyl acetate (20 mL) and washed with water (10 mL) and brine (10 mL). 
The organic layer was separated, dried over anhydrous MgSO4, filtered, concentrated 
and subjected to F-SPE. A solution of 4 : 1 TFA–5 M HCl (aq.) (5 mL) was added to 
the Suzuki coupled fluorous aryloxime intermediate and the reaction mixture was 
heated in a pressure tube at 95 °C under microwave irradiation for 8 min. The 
reaction was monitored by TLC. When the reaction was complete, the mixture was 
cooled to room temperature and basified with 10% NaOH. The aqueous solution was 
extracted with ethyl acetate (50 mL), washed with water (20 mL), dried over 
anhydrous MgSO4, filtered, concentrated and subjected to F-SPE. 
 
3.6.6   General Procedure for the Nucleophilic Aromatic Substitution Reaction 
with the Fluorous-tagged Aryloxime Intermediate of 3-4h, Cyclization and 
Concomitant Cleavage of the Substrate-tag 
A mixture of the fluorous aryloxime intermediate (0.40 mmol), phenol (38 mg, 0.40 
mmol) and KOH (23 mg, 0.40 mmol) in DMF (2.60 mL) was heated in a pressure 
tube at 95 °C under microwave irradiation for 150 min. The reaction was monitored 
by TLC. When the reaction was complete, the mixture was cooled to room 
temperature and concentrated to dryness. The reaction mixture was diluted with ethyl 
acetate (20 mL) and washed with water (10 mL) and brine (10 mL). The organic layer 
was separated, dried over anhydrous MgSO4, filtered, concentrated and subjected to 
F-SPE. A solution of 4 : 1 TFA–5 M HCl (aq.) (5 mL) was added to the crude product 
and the reaction mixture was heated in a pressure tube at 95 °C under microwave 
irradiation for 8 min. The reaction was monitored by TLC. When the reaction was 
complete, the mixture was cooled to room temperature and basified with 10% NaOH. 
The aqueous solution was extracted with ethyl acetate (50 mL), washed with water 
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Allylic and Benzylic sp
3
 C-H Oxidation in Water 
  
4.1   Introduction 
Allylic and benzylic oxidations via the direct sp
3
 C-H bond activation of alkenes and 
alkylarenes to the corresponding α,β-unsaturated enones and carbonyl compounds are 
important transformations with a wide variety of industrial applications
1
 including the 
synthesis of drug precursors and building blocks in many organic syntheses.
2
 
Although several organocatalysts have been developed for these oxidations,
3
 the 
efficiency of metal-catalyzed allylic and benzylic oxidations remains remarkable.
4
 
To-date several protocols for sp
3
 C-H oxidation catalysed by metal complexes in 
combination with tert-butyl hydroperoxide (TBHP) have been reported.
4a-f,5 
However 
amongst the different metals, fewer oxidations have been done using Cu as catalyst, 





Previously, we have reported a recyclable, fluorous catalyst that efficiently promoted 
carbon-carbon bond formation reactions in water
7 
(Chapter 2). Since development of 
aqueous-phase reaction is an active field in organic synthesis due to demands for 
realization of green chemical processes
8 
and many classic reactions that are 
commonly used in organic synthesis are currently being re-examined in order to 
develop cleaner chemical processes and to reduce or eliminate existing drawbacks 
and inefficiencies, we herein report a protocol for room temperature, copper-
catalyzed allylic and benzylic oxidation by aqueous tert-butyl hydroperoxide (T-
Hydro) in water using a recyclable fluorous ligand 4-L1 (Figure 4-1). To the best of 






Figure 4-1. Structure of fluorous ligand 4-L1 to 4-L3. 
 
4.2   Synthesis of Ligands 
 
Scheme 4-1. Synthesis of fluorous ligands 4-L1. 
 
 
Scheme 4-2. Synthesis of fluorous ligands 4-L2 and 4-L3. 
 
Fluorous ligand 4-L1 was prepared by treating 4-hydroxybenzaldehyde 4-1 with 
C8F17(CH2)3I 4-2 at room temperature for 12 h to give the fluorous benzaldehyde 4-3 
in 99% yield. Fluorous benzaldehyde 4-3 was then reacted with di-(2-picolyl)amine 
4-4 in the presence of NaBH(OAc)3 in DCE at room temperature for 24 h to give 4-
L1 in 62% yield (Scheme 4-1). Fluorous ligand 4-L2 was prepared in 97% yield by 
treating compound 4-5 with C8F17(CH2)3I 4-2 at 80 ºC in DMF in the presence of 
K2CO3 (Scheme 4-2). Fluorous ligand 4-L3 was prepared in 89% yield by the same 
synthetic procedure used to obtain fluorous ligand 4-L2. 
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4.3   Allylic and Benzylic Oxidation Reaction 
In the initial assessment of the allylic oxidation reaction, 1-phenyl-1-cyclohexene 4-
7a was chosen as the model substrate. We investigated the optimization reaction 
conditions by varying the solvent, catalyst, base and oxidants (Table 4-1a). When the 
allylic oxidation was conducted using 4-7a, 5 mol% CuI, 5 mol% 4-L1 as ligand, 
TBHP (6M in decane), K2CO3 and water as solvent at room temperature, the desired 
3-phenylcyclohex-2-enone 4-8a was obtained after 12 h in 29% yield (Table 4-1a, 
entry 1). When water was replaced with acetonitrile, compound 4-8a was obtained in 
similar yield (Table 4-1a, entry 2). To optimize the reaction, we varied the metal 
catalyst and found that the reaction in aqueous medium was most efficient with CuI 
(Table 4-1a, entries 3-10). It is not surprising that copper(I) species can be stabilised 
by the synthesized fluorous ligands. Copper(I) complexes containing nitrogen donor 
tripodal ligand systems are reported and are important in bioinorganic chemistry.
6f-6j
 
As pyridine is a borderline base compared to an alkyl amine which is a hard base, it 
can stabilise both copper(I) and copper (II). Next we varied the base and established 
that the reaction was most efficient in the absence of base (Table 4-1a, entries 11-14). 
Subsequently, we screened different oxidants on the reaction which indicated that 
TBHP was a more effective oxidant than H2O2, DTBP or m-CPBA. In addition, both 
T-Hydro and TBHP provided compound 4-8a in similar yields (Table 4-1a, entries 
15-21). Hence we decided to use T-Hydro as the oxidant since the absence of decane 










Table 4-1a. Optimization of the allylic oxidation reaction of 4-7a
a 
 
Entry Catalyst Oxidant Base Yield
b
 (%) 
1 CuI TBHP K2CO3 29 
2
c 
CuI TBHP K2CO3 30 
3 CuBr TBHP K2CO3 24 
4 CuBr2 TBHP K2CO3 27 
5 Cu(OTf)2 TBHP K2CO3 23 
6 FeCl2 TBHP K2CO3 5 
7
 
FeCl3 TBHP K2CO3 21 
8 CoCl2 TBHP K2CO3 0 
9 Ni(OAc)2 TBHP K2CO3 0 
10 MnO2 TBHP K2CO3 16 
11 CuI TBHP Ag2CO3 6 
12 CuI TBHP KOAc 43 
13 CuI TBHP KOH Trace 
14 CuI TBHP - 53 
15 CuI H2O2 - Trace 
16 FeCl3 H2O2 - Trace 
17 CuI DTBP - Trace 
18 CuI Urea, H2O2 - Trace 
19 CuI NaBO3.H2O - 17 
20 CuI m-CPBA - 20 
21 CuI T-Hydro - 51 
a
 Reaction condition: 4-7a (0.5 mmol), catalyst (5 mol%), 4-L1 (5 mol%), oxidant, 
base (0.5 equiv.), H2O (1.0 mL), r.t., 12 h. 
b
 Isolated yields. 
c
 Using CH3CN as solvent instead. 
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We also examined the effect of varying the ratio of CuI and 4-L1 but this provided 
compound 4-8a in lower yield (Table 4-1b, entries 2-4). The minimum time for the 
reaction to reach completion was also determined to be 2 h (Table 4-1b, entry 5). The 
amount of oxidant employed was also examined. Lowering the amount of oxidant to 
4 equivalents increased the yield of 4-8a to 62% but further decreasing the amount of 
oxidant was detrimental to the reaction yield (Table 4-1b, entries 5-8). 
 
It was previously reported that surfactant molecules, could aid in reaction rates.
8a,9 
Thus the effect of additives was investigated and the reaction was most effective 
when 5 mol% of sodium dodecyl sulfate (SDS) was added. The addition of 5 mol% 
SDS not only halved the reaction time but also provided compound 4-8a in a higher 
yield (Table 4-1b, entries 9-12). Besides 4-L1, we also tested two other fluorous 
ligands, 4-L2 and 4-L3 (Figure 4-1) but found 4-L1 to be the most effective ligand 
for facilitating the allylic oxidation reaction (Table 4-1b, entries 13-14). Finally, a 
control experiment in the absence of 4-L1, only trace amount of 4-8a was obtained 
(Table 4-1b, entry 15). 
 















5 None 12 51 
2
 
5 10 mol% 4-L1 12 35 
3
 
5 10 mol% CuI and 10 mol% 4-L1 12 33 
4
 
5 1 mol% CuI and 1 mol% 4-L1 12 30 
5 5 None 2 52 
6 4 None 2 62 
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7 3 None 2 41 
8 2 None 2 38 
9
 
4 5 mol% PhNHNH2 added 2 23 
10
 
4 5 mol% TBAB added 1 60 
11
 
4 5 mol% SDS added 1 71 
12
 















4 Absence of 4-L1, 5 mol% SDS added 1 Trace 
a
 Reaction condition: 4-7a (0.5 mmol), CuI (5 mol%), 4-L1 (5 mol%), T-Hydro, H2O 
(1.0 mL), r.t.  
b
 Isolated yields.  
c
 25% starting material recovered.  
d
 50% starting material recovered. 
 
Having established the optimal reaction condition, different alkenes were tested to 
explore the generality of this oxidation transformation. As shown in Table 4-2, the 
reaction condition was compatible with both electron-withdrawing and –donating 
substituents as well as reactive functional group (Table 4-2, entries 3-5). The 
oxidation reaction was also regioselective at the least hindered allylic carbon which is 
consistent with previously published results.
4e
 It is worth noting that the allylic 
oxidation of substrate 4-7c did not occur at the methyl substituent (Table 4-2, entry 
3). Attempts to extend the substrate scope to linear allylic alkenes (1-hexene, 1-






Scheme 4-3. Reaction of 4-7a’ under optimized reaction condition. 
 
Tert-butyl peroxy ether of the allylic substrates was observed as the by-product in the 
allylic oxidation reaction (Table 4-2, entries 1-5). 3-t-Butylperoxy-1-
phenylcyclohexene 4-7a’ was isolated from the allylic oxidation of 4-7a in 10% yield 
(Table 4-2, entry 1). When the isolated 4-7a’ was subjected to the allylic oxidation 
condition, 4-8a was obtained in 75% yield (Scheme 4-3). Purification and isolation of 
tert-butyl peroxy ether of 4-7b to 4-7e was unsuccessful but 
1
H NMR of the by-
product fraction shows the t-Bu signal in the 1.2 ppm region. 
 
Table 4-2. Copper-catalyzed allylic and benzylic oxidation
a 
 















































































 Reaction condition: Substrate (0.5 mmol), CuI (5 mol%), 4-L1 (5 mol%), T-Hydro 
(4.0 equiv.), SDS (5 mol%), H2O (1.0 mL), r.t. 
b
 Isolated yields.  
c
 Yields of tert-butyl peroxy ether by-products.  
d
 Oil bath temperature of 50 °C. 
 
Encouraged by the promising results, we extended the optimized condition to 
benzylic oxidation (Table 4-2, entries 6-13). We found that diphenylmethane type 
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substrates gave the corresponding products in good yields (Table 4-2, entries 6, 7 and 
11) although the reaction required a longer time to complete. This could be attributed 
to these substrates being solids at room temperature and have poor solubilities in 
water. When the temperature was increased to 50 
o
C, the reaction time was 
considerably shortened and the products were obtained in comparable yields. 
Substrates bearing a heteroatom were also compatible with the reaction condition and 
provided the benzylic oxidation products in moderate yields (Table 4-2, entries 9-10). 
Alkylarenes bearing an electron-withdrawing group on the alkyl moiety are difficult 
substrates for direct oxidation due to the inert benzylic C-H bond.
10
 Gratifyingly, we 
were able to apply our condition to the oxidation of substrate 4-7m to obtain 
compound 4-8m in 73% yield (Table 4-2, entry 13). The methyl ester functionality of 
substrate 4-7m was tolerated under the mild condition with no hydrolyzed product 
observed. Long chain aryl alkanes 4-7n was also successfully oxidized to the 
corresponding ketone albeit lower (51%) yield (Table 4-2, entry 14).   
 
Finally to apply this reaction in gram-scale reaction, 10.8 mmol (1.71 g) of 4-7a was 
used for the allylic oxidation reaction under the optimized reaction condition (Scheme 
4-4). The reaction proceeded smoothly, gave the corresponding product 4-8a in 
similar (70%) yield with 9% of 4-7a’ and the recovery of 4-L1 was also high (94%). 
 
 





Scheme 4-5. Proposed catalytic cycle of 4-L1/CuI catalyzed allylic oxidation. 
 
A proposed catalytic cycle of the 4-L1/CuI catalyzed allylic oxidation is depicted in 
Scheme 4-5. The copper complex I was formed in-situ from 4-L1 and CuI. The tert-
butyl peroxy radical IV formed abstracts a hydrogen atom from the alkene to give the 
radical V which combines with IV to give the tert-butylperoxy intermediate VI. This 
is supported by the isolation of 4-7a’ as shown in Scheme 4-3. The tert-butylperoxy 
intermediate VI is subsequently susceptible to tert-butylperoxy radical catalysed 
disproportionation. The presence of CuI in Scheme 4-3 is necessary for the formation 
of tert-butylperoxy radical (refer to conversion of intermediate I to II). 
 
4.4   Recycling of 4-L1  
Next we investigated the possibility of recycling and reusing 4-L1. 1-Phenyl-1-
cyclohexene 2-7a was used for the model study under the optimized reaction 
condition. The recycling experiments were carried out over 5 cycles and the time 
taken for the reaction to complete was 1-2 h to provide 4-8a in 81-95% yields (Table 
4-3). The recovered 4-L1 showed a slow decline in catalytic activity after several 
recoveries. In addition, the recovery of 4-L1 via F-SPE was good except in the 5
th
 
cycle. The fluorous silica gel used in F-SPE could be reused
10
 which minimized waste 
thus making the recovery of 4-L1 a greener procedure. 
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Table 4-3. Recycling of 4-L1
a 
 
Cycle Time (h) Yield
b
 (%) Recovered 4-L1
c
 (wt%) 
1 1 71 95 
2 1 69 93 
3 1.5 66 93 
4 1.5 64 90 
5 2 60 81 
a
 Reaction condition: 2-7a (2.5 mmol), CuI (5 mol%), 4-L1 (5 mol%), T-Hydro (4.0 
equiv.), SDS (5 mol%), H2O (5.0 mL), r.t.  
b
 Isolated yields.  
c
 Recovered via F-SPE. 
 
4.5   Conclusion 
An environmentally benign procedure for the room temperature, copper-catalyzed 
allylic and benzylic oxidation by T-Hydro in water using a recyclable fluorous ligand 
has been developed. Pre-generation of the organometallic reagent was not required. 
This increases the green aspect of the reaction. Fluorous ligand 4-L1 was recycled 
and reused with little loss of catalytic activity. The oxidation procedure could also be 
applied to gram-scale reaction.  
 
4.6   Experimental 
4.6.1 General 
All chemicals purchased were used without further purification. C8F17(CH2)3I was 





 were synthesized according to previously reported 
procedure. Moisture-sensitive reactions were carried out under nitrogen with 
commercially obtained anhydrous solvents. Analytical thin-layer chromatography 
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(TLC) was carried out on precoated F254 silica plates and visualized with UV light. 
Column chromatography was performed with silica (Merck, 230 – 400 mesh). F-SPE 
was performed with FluoroFlash
®




C NMR spectra 
were recorded at 298K. Chemical shifts are expressed in terms of δ (ppm) relative to 
the internal standard tetramethylsilane (TMS). Mass spectra were performed under EI 
and ESI mode. 
 
4.6.2 Synthesis of 4-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoro 
undecyloxy)benzaldehyde (4-3)  
To a solution of 4-hydroxybenzaldehyde 4-1 (0.61 g, 5.0 mmol) in DMF (10 mL) was 
added K2CO3 (1.38 g, 10 mmol) and C8F17(CH2)3I 4-2 (1.96 g, 3.33 mmol). The 
reaction mixture was stirred at room temperature for 12 h, quenched with H2O (5 mL) 
and consecutively washed with EtOAc (20 mL x 3). The combined organic layer was 
washed with brine (10 mL x 3), dried over anhydrous MgSO4, filtered and 
concentrated. The desired product 4-3 (2.90 g, 99%) was obtained as a white solid 
after purification by F-SPE.  
 
4.6.3   Synthesis of N-(4-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoro 
undecyloxy)benzyl)-1-(pyridin-2-yl)-N-(pyridin-2-ylmethyl)methanamine (4-L1) 
To a solution of compound 4-3 (0.58 g, 1.0 mmol) in dichloroethane (15 mL) was 
added di-(2-picolyl)amine 4-4 (0.22 mL, 1.2 mmol). The reaction mixture was stirred 
at room temperature for 1 h. Thereafter NaBH(OAc)3 (305 mg, 1.44 mmol) was 
added and the reaction mixture was further stirred for 24 h. After which, the reaction 
mixture was quenched with H2O (5 mL) and the organic layer was separated. The 
aqueous layer was further extracted with dichloromethane (15 mL) and the combined 
organic layer was dried over anhydrous MgSO4, filtered and concentrated. The 




4.6.4 Synthesis of 4-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoro 
undecyloxy)-2,6-di(2-pyridyl)pyridine (4-L2) 
To a solution of [2,2':6',2''-terpyridin]-4'-ol 4-5 (125 mg, 0.5 mmol) in DMF (5.7 mL) 
was added K2CO3 (104 mg, 0.75 mmol). The reaction mixture was stirred at 80 °C for 
30 min. Thereafter C8F17(CH2)3I 4-2 (441 mg, 0.75 mmol) was added and the reaction 
mixture was further stirred for 24 h, quenched with H2O (2 mL) and filtered. The 
desired product 4-L2 (345 mg, 97%) was obtained as a white solid after washing with 
hexane (5 mL x 2) to remove residual C8F17(CH2)3I 4-2.  
 
4.6.5   Synthesis of 2,2'-(4-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoro 
undecyloxy)pyridine-2,6-diyl)bis(1H-benzo[d]imidazole) (4-L3)  
To a solution of 2,6-bis(1H-benzo[d]imidazol-2-yl)pyridin-4-ol 4-6 (164 mg, 0.5 
mmol) in DMF (5.7 mL) was added K2CO3 (104 mg, 0.75 mmol). The reaction 
mixture was stirred at 80 °C for 30 min. After which, C8F17(CH2)3I 4-2 (441 mg, 0.75 
mmol) was added and the reaction mixture was further stirred for 24 h, then quenched 
with H2O (2 mL) and filtered. The desired product 4-L3 (352 mg, 89%) was obtained 
as an off-white solid after washing with hexane (5 mL x 2) to remove residual 
C8F17(CH2)3I 4-2.  
 
4.6.6  General Procedure for the Copper-Catalyzed Allylic and Benzylic 
Oxidation 
A mixture of the substrate (0.5 mmol), 4-L1 (5 mol%), CuI (5 mol%), SDS (5 mol%) 
and water (1.0 mL) was stirred at room temperature. T-Hydro (4 equiv.) was added 
dropwise to the stirred solution. The reaction was monitored by TLC. When the 
reaction has completed, the reaction mixture was diluted with EtOAc (20 mL) and the 
organic layer was separated. The aqueous layer was further extracted with EtOAc (20 
mL). The combined organic layer was dried over anhydrous MgSO4, filtered and 
concentrated. The crude product was then purified by column chromatography. 
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4.6.7 General Procedure for the Recycling Experiment using F-SPE 
 Recycling experiments were carried out on a 2.50 mmol scale using the general 
procedure described above. The crude product was first diluted with THF–H2O = 7: 3 
(1 mL) and loaded into a F-SPE fluorous silica column (column diameter: 2.20 cm; 
amount of fluorous silica required: calculated based on 10% of crude product loaded 
by weight). The crude product was then eluted using THF–H2O = 7: 3 (30 mL) as 
eluent and 4-L1 was subsequently eluted with THF (20 mL). The fluorous silica was 
regenerated and reused (5 times) after washing with acetone (10 mL). To determine 
the amount of product formed after each recycling experiment, the solution of crude 
product was concentrated, diluted with EtOAc (20 mL) and washed with water (10 
mL). The organic layer was dried over anhydrous MgSO4, filtered, concentrated and 
then purified accordingly. The subsequent cycles were scaled down according to the 
amount of recovered palladacycle 1. 
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Fluorous Bispidine: A Bifunctional Reagent for Tandem Reactions and Copper-
Catalyzed Oxidation in Water 
  
5.1   Introduction 
Non-heme iron enzymes are involved in a large number of biological oxidative 
transformations, some of which are similar as those carried out by heme-containing 
oxygenases.
1 
Thorough studies of the biological systems have resulted in significant 
advances in our understanding of these enzymes and their functions. This has led to 
the development of a number of low molecular weight biomimetic models, for 
example the bispidine ligands and, in particular, their iron complexes which have 
attracted much attention as oxidation catalysts.
2 
During oxidation, bispidine iron (II) 
precatalysts are generally oxidized by H2O2, PhIO4 or peracids to the metastable low-
spin Fe
III
 -OOH intermediates which then undergo O-O bond homolysis to afford 
the corresponding bispidine Fe
IV
=O complexes which have been demonstrated to be 
efficient iron oxidation catalysts. 
 
 
Besides iron, copper, because of its natural abundance and redox potential, is another 
metal utilized in nature for many biological oxidations.
3
 Despite the economic and 
environmental benefits of copper-based catalysts, bispidine-copper complexes have 
thus far been applied mainly to aziridination.
4
 To our knowledge, the sole oxidation 
using bispidine-copper complex is the conversion of catechol in O2 to quinone.
5
 Our 
interest in developing recyclable catalyst/reagent for greener procedures
6
 thus led us 
to synthesize fluorous bispidine compounds (Figure 5-1) and explore their 
applications as ligands for copper-catalyzed aerobic oxidation of benzylic alcohols 





Figure 5-1. Bispidine-type ligands 5-L1 to 5-L3 and 5-FL1 to 5-FL3. 
 
Oxidation of benzylic alcohols is an important transformation as the corresponding 
benzylic aldehydes are versatile intermediates with a wide range of utility for 
perfumery, drugs and synthesis of fine chemicals.
7
 Classically, such oxidations are 
achieved with stoichiometric amounts of oxidants such as permanganates, chromium 
reagents, the Dess-Martin periodinane or IBX
8
 which present significant 
environmental issues with their use as huge amounts of waste are generated. Various 
protocols haven been reported in recent years to address these concerns. Oxidation 
with greener alternative, such as O2 or air in water using the Cu salt/TEMPO system 
has received high interest.
9
 However these reactions generally require heating, use of 
pressurized oxygen and/or addition of base or surfactant. These reaction conditions 
together with the inability to recover the catalyst decreases the “greenness” of the 
procedure. Hence if the virtues of copper could be leveraged by its utilization at 
ambient temperature with water as solvent and air as an oxidant, a greener and more 
robust protocol would result. 
 
The efficiency and greenest of a synthetic sequence could be further enhanced by 
carrying out two or more chemical transformations in a ‘one-pot’ manner without the 
need for intermittent work-up and purification. The efficiency of these reactions is 
also greatly increased when the same catalyst is employed in each step. With water as 
the sole by-product of this transformation, this procedure allows the in situ formation 
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of aldehydes which can be used, without purification, in a subsequent reaction in a 
tandem manner. Thus we were interested to explore if we could extend the bispidine-
copper catalyzed benzylic alcohol oxidation reaction to a tandem process. Since the 
nitrogens on bispidine are basic,
10
 we hypothesized that it could be used as a proton 
sponge and evaluated our fluorous bispidine compounds for its catalytic activity as a 
potential proton sponge in the Knoevenagel condensation of benzaldehyes and 
malononitrile in water. In this condensation reaction, bases such as NaOH, NaOEt 
and piperidine in organic solvents are commonly employed
11
 and the inability to 
recycle the base results in the production of large amounts of waste and corrosion 
which are detrimental to the environment. Various environmentally benign solid 
bases
12
 have been developed in recent years and the use of water as solvent has also 
greatly increased the environmentally friendliness of the reaction. The dual function 
of our fluorous bispidine-type ligand would allow the combination of the two separate 
reactions into a tandem oxidation/Knoevenagel condensation reaction which provides 
the possibility to save effort, time and resources in a manifold manner. We have also 
assessed the compatibility of the fluorous bispidine in the tandem oxidation/Horner-
Emmons-Wadsworth and the tandem oxidation/reductive amination reaction. 
 
Besides aerobic oxidation, the allylic and benzylic sp
3
 C-H oxidation is another 
important organic transformation to generate α,β-unsaturated enones and benzylic 
ketones which are important building blocks in chemical syntheses and 
pharmacophores intermediates.
13
 To-date several protocols for sp
3
 C-H oxidation 
catalyzed by metal complexes in combination with TBHP have been reported.
14
 
However amongst the different metals, fewer oxidations have been carried out using 
Cu as catalyst. Previously, we reported the allylic and benzylic sp
3
 C-H oxidation 
using T-Hydro in water and SDS as a surfactant.
6c
 However, the possibility of a 
surfactant-free protocol would increase the green aspect of the reaction condition. 
Thus, we herein expanded our investigation on the general usefulness of fluorous 
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bispidine ligands to surfactant-free allylic and benzylic sp
3
 C-H oxidation reaction in 
water. 
 
5.2   Synthesis of Ligands 
 
Scheme 5-1. Synthesis of ligands. 
 
Ligand 5-L1 was prepared from piperidone 5-1
15
 via a Mannich reaction with 4-
methoxybenzylamine and formaldehyde in refluxing ethanol in 80% yield (Scheme 5-
1). Ligand 5-L2 was synthesised according to reported procedure
16
 and obtained in 
63% yield. Fluorous aldehyde 4-3 was prepared according to the procedure described 
in Chapter 4 and was reduced using sodium borohydride (NaBH4) in THF to obtain 
the fluorous benzyl alcohol 5-p2 in quantitative yields. Chlorination of the alcohol 5-
p2 using thionyl chloride (SOCl2) provided the fluorous benzyl chloride 5-2 in 
quantitative yield. Fluorous version of 5-L1, 5-FL1, was obtained from the alkylation 
of compound 5-3
17
 with fluorous benzyl chloride 5-2 in 85% yield. Analogous to 5-
FL1, 5-FL2 was prepared by the alkylation of compound 5-3 and 1-iodo-
1H,1H,2H,2H-perfluorodecane (C8F17CH2CH2I) in refluxing acetonitrile in 59% 
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yield. Ligands 5-L3 and 5-FL3 were prepared by the reduction of bispidone 5-4
18
 
with NaBH4 to give the bispidole 5-5 (94% yield) which in turn was treated with 
sodium hydride (NaH) and methyl iodide (CH3I) or C8F17CH2CH2I to produce 5-L3 
(83% yield) or 5-FL3 (59% yield) respectively.  
 
The rational for the design of the fluorous bispidine ligands are (1) the basic nitrogens 
on bispidine
10
 allows the bispidine to function as a proton sponge in a base-catalyzed 
reaction, (2) iron bispidine complexes were reported to be effective precatalyst in 
oxidation reactions
2
, thus we envisioned exploiting the bifunctional property of a 
bispidine ligand in a tandem reaction and (3) the highly pre-organized structure of the 
bispidine molecule with the presence of a long fluorous tail could possibly be 
surfactant-like, resulting in a surfactant-free procedure which increases the green 
aspect of the procedure. 
     
5.3   Copper-Catalyzed Aerobic Oxidation Reaction 
For the initial assessment of the aerobic oxidation of benzylic alcohols, 4-
methoxybenzyl alcohol 5-6a was chosen as the model substrate with 5 mol% CuBr, 5 
mol% 5-L1 as ligand, 5 mol% TEMPO, 10 mol% K2CO3 and water as the solvent 
under ambient air (open vessel) at room temperature. The desired 4-
methoxybenzaldehyde 5-7a was obtained after 12 h in 41% yield (Table 5-1, entry 1). 
Gratifyingly, no overoxidized product (carboxylic acid) was observed. Due to the 
basic nature of bispidine-type ligands, we attempted the reaction in the absence of the 
base (K2CO3) and unexpectedly, the yield of compound 5-7a increased to 51% (Table 
5-1, entry 2). To optimize the reaction, we varied the metal catalyst and found that the 
reaction was most efficient with CuBr in aqueous medium (Table 5-1, entries 3-8). 
Subsequently, we screened various flourous ligands and established that the reaction 













 CuBr 5-L1 41 
2 CuBr 5-L1 51 
3 CuBr2 5-L1 38 
4 CuI 5-L1 7 
5 Cu(OAc)2.H2O 5-L1 38 
6 CuSO4.5H2O 5-L1 40 
7 Cu(BF4)2.H2O 5-L1 47 
8 Cu(ClO4)2.6H2O 5-L1 24 
9 CuBr 5-FL1 87 
10 CuBr 5-FL2 90 
11 CuBr 5-FL3 9 
a 
Reaction condition: 4-methoxybenzylalcohol 5-6a (0.5 mmol), Cu salt (5 mol%), 
ligand (5 mol%), TEMPO (5 mol%), ambient air, water (0.5 mL), r.t.  
b 
Isolated yields.  
c 
10 mol% K2CO3. 
 
We also examined the possibility of using iron catalyst but this provided compound 5-
7a in much lower yield (Table 5-2, entries 2-5). Control experiments were also 
carried out and in the absence of TEMPO and air but little or no product was 
observed (Table 5-2, entries 6 and 7). In the absence of 5-FL2, only 57% of the 
desired product was obtained with 13% of the starting material recovered (Table 5-2, 
entry 8). This decrease in yield could be attributed to the stabilizing effect of the 
ligand on the metal catalyst to prevent it from degrading. We also examined the effect 
of varying the ratio of CuBr, 5-FL2 and TEMPO but these changes provided 
compound 5-7a in lower yields (Table 5-2, entries 9-12). Finally, we determined the 
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minimum time for the reaction to reach completion at room temperature to be 5 h 
(Table 5-2, entry 13). Heating the reaction mixture to 50 
o
C enabled the reaction to be 
completed in a short time (2 h) but gave similar yield of the desired product (Table 5-
3, entry 1).  The absence of base and additive and ability to perform the oxidation at 
ambient temperature makes the protocol a greener procedure. 
 




Entry Deviation from “standard conditions” Time (h) Yieldb (%) 
1 None 12 90 
2 FeCl2.H2O 12 6 
3 FeCl3 12 26 
4 FeSO4.H2O 12 Trace  
5 Fe(C2O4).H2O 12 Trace  
6 Absence of TEMPO 12 - 
7 Under inert atm 12 Trace  
8 Absence of 5-FL2 12 57 (13
c
) 
9 10 mol% 5-FL2 6 29 
10 3 mol% CuBr, 3 mol% 5-FL2 and 3 mol% TEMPO 7 43 
11 1 mol% CuBr, 1 mol% 5-FL2 and 1 mol% TEMPO 7 40 
12 3 mol% CuBr and 3 mol% 5-FL2 5 53 
13 None 5 91 
a 
Reaction condition: 4-methoxybenzylalcohol 5-6a (0.5 mmol), CuBr (5 mol%), 5-








Having established the optimal reaction conditions, several benzylic alcohols were 
tested to explore the generality of the transformation (Table 5-3). The reaction 
conditions were compatible with both electron-withdrawing and –donating 
substituents (Table 5-3, entries 1-9, 12). Substrate 5-6b bearing reactive and 
coordinating alkene functional group did not affect the reaction and the corresponding 
aldehyde 5-7c was obtained in 84% yield (Table 5-3, entry 3). The reaction condition 
was also amenable to substrates with acidic protons albeit slightly lower yields were 
obtained (Table 5-3, entries 10 and 11). The size and electronic effect of halogen 
substituent (I, Br, Cl) did not affect the transformation and provided the respective 
products in similar yields (Table 5-3, entries 13-15).  However, the transformation is 
sensitive to steric effects which could be observed from the higher yield obtained with 
4-chlorobenzyl alcohol (96%, Table 5-3, entry 12) as compared to 2-chlorobenzyl 
alcohol (61%, Table 5-3, entry 13).  Heteroaromatic substrates were also compatible 
(Table 5-3, entries 17-19) with the aqueous procedure although substrate 5-6o (Table 
5-3, entry 17) provided the product in lower yield as compared to the pytl-β-
CD/Cu(OAc)2
9b
 system which nevertheless required the presence of a base in 
refluxing conditions. The oxidation of unprotected indole 5-6p was unable to reach 
completion even after prolonged reaction time (Table 5-3, entry 18). Besides benzylic 
alcohols, allylic alcohols were also successfully oxidized to the respective aldehydes 
in excellent yields (Table 5-3, entries 20 and 21). 
 









































































































































Reaction condition: substrate (0.5 mmol), CuBr (5 mol%), 5-FL2 (5 mol%), 
TEMPO (5 mol%), ambient air, water (0.5 mL), r.t.  
b 
Isolated yields.  
c




 5 mol% CuCl, 10 mol% DMAP, 5 mol% TEMPO, H2O, air, 
r.t.  
e
 Using pytl-β-CD:9b 5 mol% Cu(OAc)2.H2O, 5 mol% pytl-β-CD, 5 mol% TEMPO, 




 5 mol% CuCl, 10 mol% DMAP, 5 mol% TEMPO, H2O, air, 
55 °C.  
g 
Recovered starting material.  
 
Besides primary benzylic and allylic alcohols, we have also applied the reaction to a 
variety of secondary benzylic alcohols (Table 5-4). These latter alcohols are less 
reactive and required mild heating (50 °C) to provide the desired ketone in good to 
moderate yields. The less reactive secondary benzylic alcohol 5-6t provided 
compound 4-8l in 88% yield (Table 5-4, entry 1). The obtained yield is slightly lower 





 which is relatively more expensive than TEMPO. Oxidations of substrates 
in liquid/oil form were completed in 12-24 h whilst solid substrates like 
diphenylmethanol 5-6v was unable to react completely possibility due to the poor 
solubility and 10% of the starting material was recovered (Table 5-4, entry 3).   
 




































Reaction condition: substrate (0.5 mmol), CuBr (5 mol%), 5-FL2 (5 mol%), 















The difference in reaction rates between primary and secondary benzylic alcohols 
allows for the selectively oxidation of primary benzylic alcohols. Thus to investigate 
the selective oxidation of primary benzylic alcohol, compound 5-6z was subjected to 
the optimized reaction condition. Compound 5-7v was isolated in 92% yield with 
trace amount (5%) of the doubly oxidized product 5-7v’ (Scheme 5-2). The 
selectivity experiment was extended to compound 5-6aa which carries an aliphatic 
alcohol substituent (Scheme 5-3). Similarly, compound 5-7w was obtained as the 
major product (86%) with the dialdehyde 5-7w’ present in only 8% yield. 
 
 
Scheme 5-2. Selective oxidation of a 1º over 2º benzylic alcohol. 
 
 
Scheme 5-3. Selective oxidation of benzylic over aliphatic alcohol. 
 
To demonstrate the usefulness of the optimized condition, gram scale oxidation of 4-
methoxybenzyl alcohol 5-6a was carried out and the desired product 4-
methoxybenzaldehyde 5-7a was obtained after 6 h in 89% yield (Scheme 5-4). The 
ability of recovering 5-FL2 in good yield (94%) adds to the effectiveness of the 
procedure for gram-scale oxidation.  
 
 




5.4   Knoevenagel Condensation Reaction 
The Knoevenagel condensation reaction is a classical method used for the formation 
of C-C bond in the synthesis of benzylidene compounds. The condensation of 
benzylic aldehydes with malononitrile furnishes benzylidene malononitrile 
derivatives which are important building blocks in cyclization reactions,
19
 tumour 
cytotoxic agents and rodent and riot control agents.
20
 Next we examined the 
applicability of our fluorous bispidine-type ligand as a proton sponge to the base-
catalyzed Knoevenagel condensation reaction. The proof of concept was conducted 
using benzaldehyde 5-7b and malononitrile with 2 mol% of 5-L3 as base and water as 
solvent at 40 °C. The desired benzylidene 5-8a was obtained after 2 h in 75% yield 
(Table 5-5, entry 1). We sought to use the same ligand for both aerobic oxidation and 
Knoevenagel condensation to demonstrate the dual purpose of the ligand. Thus, we 
conducted the condensation reaction under the same condition using 5-L2 and a 
similar yield (78%) was obtained (Table 5-5, entry 2). Encouraged by these results, 
we proceeded to replace 5-L2 with 5-FL2 and gratifyingly, 97% of the benzylidene 
5-8a was obtained (Table 5-5, entry 3). Purification of the product was also simplified 
with the use of fluorous base 5-FL2 as no extraction or column chromatography was 
required. The desired product and 5-FL2 could be easily separated via F-SPE (See 
Experimental section for details). Decreasing the reaction temperature (room 
temperature) lengthened the reaction time with a slight decrease in yield (Table 5-5, 
entry 4). Lowering the amount of 5-FL2 to 1 mol% did not result in any observable 
change but further reduction to 0.5 mol% provided in a slight decrease in yield (Table 

















 5-L3 (2 mol%) 40 2 75 
2
c
 5-L2 (2 mol%) 40 2 78 
3 5-FL2 (2 mol%) 40 2 97 
4 5-FL2 (2 mol%) r.t. 6 88 
5 5-FL2 (1 mol%) 40 2 96 
6 5-FL2 (0.5 mol%) 40 2 91 
a 
Reaction condition: benzaldehyde 5-7b (0.5 mmol), malononitrile (0.5 mmol), 
proton sponge, water (5.0 mL).  
b 
Isolated yield.  
c 
Isolated using column chromatography. 
 
With the optimized reaction conditions, the generality of the reaction was explored 
(Table 5-6). The reaction condition was amenable to substrates containing both 
electron-withdrawing and -donating substituents as well as those bearing acidic 
protons (Table 5-6, entries 1-10). A comparison with other Knoevenagel 
condensation reactions carried out in water showed that the yields obtained with 5-
FL2 were comparable to those using supported bases (Table 5-6, entry 1). 4-
Nitrobenzaldehyde and 4-cyanobenzaldehyde (Table 5-6, entries 3 and 4) provided a 
lower yield of the desired product than the other aldehydes bearing heteroaromatic or 
electron-donating groups. This trend could be attributed to the effect of the electron-
withdrawing group at the para-position. When the cyano group is in the meta- 
position, compound 5-8j was obtained in excellent yield (Table 5-6, entry 10), 
implying that the reaction is affected by the position of the electron-withdrawing 
group. However steric factor does not appear to affect the condensation reaction since 
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both 2-chlorobenzaldehyde 2-2c1 and 4-chlorobenzaldehyde 5-7k provided the 
respective product in similar yields (Table 5-6, entries 5 and 9). Allylic, 
heteroaromatic and aliphatic aldehydes are also compatible with the optimized 
condition, demonstrating the applicability of the transformation to different classes of 
aldehyde (Table 5-6, entries 11-17). Encouraged by the results obtained, we extended 
the reaction to the less reactive ketones. However under the optimized condition, the 
product was obtained in moderate yield (Table 5-6, entries 18-19). 
 













































































Reaction condition: Aldehyde/ketone (0.5 mmol), malononitrile (0.5 mmol), 5-FL2 
(1 mol%), water (5.0 mL), 40 °C.  
b 










 25mg SBILs, H2O, 30 °C, 1 h. 
e 
Isolated via column chromatography. 
 
Besides malononitrile, we investigated the use of other activated methylenes in this 
transformation (Table 5-7). We varied the activated methylene by replacing one of the 
cyano groups in malononitrile with either an ester, amide or ketone and the 
experimental data obtained indicated that good to excellent yields of the desired 
product was achieved with the optimized condition (Table 5-7, entries 1-3). Nitro-
substituted phenyl groups were also employed albeit the reaction needed higher 
reaction temperature (60 °C) and longer reaction time (24 h). The desired product 5-
8w and 5-8x were obtained in moderate yields (Table 5-7, entries 4 and 5). 
 





























Reaction condition: Benzaldehyde (0.5 mmol), activated methylene (0.5 mmol), 5-
FL2 (1 mol%), water (5.0 mL), 40 °C.  
b 




Compound 5-8y is used in sunscreen compositions containing a UV-A sunscreen, 
photostablizer and antioxidant.
21
 The compound was initially synthesized under 
refluxing condition with acetic acid/benzene as solvent and piperidine as catalyst 
which gave the product in 95% yield.
21a
 Later, Gomes et al
21b
 improved the green 
aspect of the reaction by performing the reaction at room temperature, replacing the 
solvent with water and using morpholine as the catalyst. This afforded 5-8y in 85% 
yield. The synthesis of 5-8y could also be achieved with our aqueous protocol. By 
treating vanillin 5-7ag with ethyl cyanoacetate 5-9a under the optimized condition, 5-
8y was obtained in 96% yield (Scheme 5-5). 
 
 
Scheme 5-5. Application of Knoevenagel condensation in the synthesis of 5-8y. 
 
5.5   Tandem Reactions 
Since both the aerobic oxidation and the Knoevenagel condensation were carried out 
in water and utilized the same ligand/base 5-FL2, we envisioned the possibility of 
conducting a tandem oxidation/Knoevenagel condensation reaction. Benzyl alcohol 2-
12b was subjected to aerobic oxidation under the optimized conditions. Upon 
completion of the oxidation reaction (as determined by TLC), malononitrile was 
added and the reaction mixture was further reacted under the optimized Knoevenagel 
reaction condition to yield benzylidene 5-8a in 79% yield (over 2 steps, Table 5-8, 
entry 1).  
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As anticipated, the reaction was successfully conducted with benzyl alcohols 
contained electron-withdrawing and donating- groups (Table 5-8, entries 2-7) as well 
as allylic and heteroaromatic substrates (Table 5-8, entries 8-10).  The less reactive 
secondary benzylic alcohol 1-phenylethanol 5-6t was also subjected to the tandem 
procedure and provided the product 5-8s in 42% yield (over 2 steps, Table 5-8, entry 
11). The yields obtained from the tandem reaction were generally comparable or 
slightly lower than the combined yields obtained when both reactions were carried 
out and purified independently (Table 5-8, entries 1, 3-4, 7-8 and 11). 
Notwithstanding, a tandem reaction eliminates intermittent work-up and purification 
thus saving time, energy and the excessive usage of solvents, which ultimately leads 
to a greener procedure.  
 





























































 Reaction condition: 1. benzylic alcohol (0.5 mmol), CuBr (5 mol%), 5-FL2 (5 
mol%), TEMPO (5 mol%), ambient air, H2O (0.5 mL), r.t.; 2. malononitrile (0.5 
mmol), H2O (4.5 mL), 40 °C, 2 h .  
b
 Isolated yields over 2 steps.  
c
 Combined isolated yields if both steps were carried out separately. 
d
 6 h required for second step. 
 
Encouraged by these results, we sought to combine other reactions in tandem with our 
aerobic oxidation reaction. We thus explored the tandem oxidation/Horner-Emmons-
Wadsworth reaction using 4-methoxybenzyl alcohol 5-6a as the model substrate. 
However the basicity of 5-FL2 was insufficient to promote the Horner-Emmons-
Wadsworth reaction even at 50 °C (Table 5-9, entries 1-3). Hence we treated the 
reaction with DBU and LiCl which provided the α,β-unsaturated ester 5-10a as the 
only isomer (E-alkene) in 76% (over 2 steps, Table 5-9, entry 4). Further optimization 
(change in temperature, base and absence of LiCl) did not result in further 








Entry Deviation from “standard conditions” Time (h) Conversionb 
1 Absence of DBU and LiCl at r.t. 24 No reaction 
2 Absence of DBU and LiCl at 50 °C 24 No reaction 
3 Absence of DBU at 50 °C 24 No reaction 
4 None 20 Complete (76%
c
) 
5 Room temperature instead of 50 °C 24 Incomplete 
6 K2CO3 instead of DBU 24 Incomplete 
7 Absence of LiCl 24 Incomplete 
a 
Reaction condition: 1. 5-6a (0.5 mmol), CuBr (5 mol%), 5-FL2 (5 mol%), TEMPO 
(5 mol%), ambient air, H2O (0.5 mL), r.t., 5 h; 2. DBU (1.0 mmol), LiCl (1.0 mmol), 
triethyl phosphonoacetate (1.0 mmol), 50 °C, 20 h.  
b
 Determined by TLC with reference to oxidized product of 5-6a.
  
c
 Isolated yields over 2 steps. 
 
Application of the reaction condition to other substrates, such as heteroaromatic and 
allylic alcohols and alcohol 5-6b which bears a reactive and coordinating alkene 
functional group, proceeded smoothly to yield only the E-isomer of the respective 
































 Reaction condition: 1. benzylic alcohol (0.5 mmol), CuBr (5 mol%), 5-FL2 (5 
mol%), TEMPO (5 mol%), ambient air, H2O (0.5 mL), r.t.; 2. Triethyl 
phosphonoacetate (1.0 mmol), DBU (1.0 mmol), LiCl (1.0 mmol), 50 °C.  
b
 Isolated yields over 2 steps. 
 
Next, we explored the tandem oxidation/reductive amination reaction. Imine 
formation is an important transformation in the synthesis of salen-type ligands
22
 and 
as an intermediate in the synthesis of macrocycles
23
 via reductive amination. Classical 
imine formation required the use of anhydrous organic solvents or under neat 
conditions while concurrently removing the water by-product. Dean-stark apparatus, 
molecular sieves or dehydrating agents (i.e. MgSO4) are commonly used to remove 
the water produced. The presence of water is usually considered a drawback but 
recently various procedures describing imine formation in aqueous media have been 
reported.
24
 We began the exploratory work on the tandem oxidation/imine formation 
in aqueous media using 5-6a as the model substrate. Gratifyingly, we were able to 
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obtain the imine 5-11 in high yield (88% isolated, ratio of imine to aldehyde = 97:3 
according to 
1
H NMR) and purity (Scheme 5-6).  
 
 
Scheme 5-6. Tandem oxidation/imine formation reaction. 
 
The instability of imine compounds under many standard purification techniques led 
us to investigate the generality of the tandem transformation via a tandem 
oxidation/reductive amination reaction (Table 5-11). After the tandem 
oxidation/imine formation (Scheme 5-6), a further reduction step was carried out by 
simply adding sodium borohydride to the reaction mixture and allowing it to stir at 
room temperature to obtain the desired amine 5-12a in 82% yield (over 3 steps, Table 
5-11, entry 1). We extended the amine source to aniline and were able to successfully 
obtain the product in good yield (Table 5-11, entry 2). Heteroaromatic and allylic 
alcohol were also compatible with this three step tandem oxidation/reductive amine 
reaction albeit the lower yields (Table 5-11, entries 3 and 4). Nevertheless, the 
possibility of conducting all three steps in a “one-pot” manner in aqueous media at 





































 Reaction condition: 1. benzylic alcohol (0.5 mmol), CuBr (5 mol%), 5-FL2 (5 
mol%), TEMPO (5 mol%), ambient air, H2O (0.5 mL), r.t.; 2. Amine (1.5 mmol), r.t., 
12 h; 3. NaBH4 (1.0 mmol), r.t., 2 h.  
b
 Isolated yields over 3 steps. 
 
5.6   Allylic and Benzylic Oxidation Reaction 
We have previously reported
6c
 a copper-catalyzed allylic and benzylic sp
3
 C-H 
oxidation in water using T-Hydro as oxidant and SDS as surfactant (Chapter 4). To 
determine if our fluorous bispidine-type ligand could be applied to such oxidations, 
we carried out the initial assessment by employing the reaction condition from our 
previous studies.
6c
 Using 1-phenyl-1-cyclohexene 4-7a as the model substrate, with 5 
mol% CuI as the metal catalyst, 5 mol% 5-L3 as ligand, 5 mol% SDS as surfactant, 5 
equivalent of T-Hydro as oxidant and water as solvent at room temperature, the 
desired product 4-8a was obtained in 45% yield after 12 h (Table 5-12, entry 1). 
Varying the oxidant and introducing a base (KOAc) lowered the yield whilst the 
absence of SDS increased the yield to 53% (Table 5-12, entries 2-5).  The absence of 
123 
 
SDS compared to our previously reported condition increases the greenness of the 
current procedure. Next, we varied the metal catalyst but CuI was most efficient for 
this transformation (Table 5-12, entries 6-13). Iron salts were also employed as 
catalyst but other than Fe(OTf)2, the reactions were unable to reach completion (Table 
5-12, entries 10-13). Subsequently, we varied the ligands and found that 5-L1 and 5-
L3 provided the product in similar yields while 5-L2 gave a slightly lower yield 
(Table 5-12, entries 5, 14-15). Since 5-L1 is structurally similar to the previously 
employed 5-FL2, we decided to use it for the remaining optimization process. 
 










 CuI 5-L3 45 
2
d
 CuI 5-L3 - 
3
e
 CuI 5-L3 42 
4
f
 CuI 5-L3 35 
5 CuI 5-L3 53 
6 CuBr 5-L3 41 
7 CuBr2 5-L3 45 
8 Cu(OAc)2 5-L3 36 
9 Cu(OTf)2 5-L3 17 
10 FeCl2.4H2O 5-L3 28 (52
g
) 
11 FeCl3 5-L3 26 (49
g
) 
12 Fe(ClO4)2.6H2O 5-L3 27 (54
g
) 
13 Fe(OTf)2 5-L3 40 
14 CuI 5-L2 49 
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15 CuI 5-L1 53 
a 
Reaction condition: 1-phenyl-1-cyclohexene (0.5 mmol), Cu salt (5 mol%), ligand (5 
mol%), T-Hydro (5 equiv.), water (1.0 mL), r.t., 12 h.  
b 
Isolated yields.  
c 
5 mol% SDS added.
  
d 
5 mol% SDS added and using H2O2 instead of T-Hydro.  
e 
5 mol% SDS and 0.5 equiv. KOAc added.
  
f
 0.5 equiv. KOAc added.  
g
 Recovered starting material. 
 
Next, we varied the amount of T-Hydro used and determined that the reaction is most 
efficient with 5 equivalents of T-Hydro (Table 5-13, entries 2-4). The amount of CuI 
and 5-L1 used were also investigated and 5 mol% of CuI and 5 mol% of 5-L1 were 
found to be the optimal amounts required (Table 5-13, entries 5 and 6). To recover 
and recycle the ligand, we replaced the non-fluorous 5-L1 with the three fluorous 
ligands developed. Coincidently, 5-FL1 was most efficient in the aqueous procedure 
giving compound 4-8a in 69% yield (Table 5-13, entries 7-9). A control experiment 
conducted in the absence of 5-FL1 yielded only trace amount of the desired product 
(Table 5-13, entry 10). 
 





Entry Deviation from “standard conditions” Yieldb (%) 
1 None 53 
2 6 equivalents T-Hydro 40 
3 4 equivalents T-Hydro 32 
4 3 equivalents T-Hydro 32 
5 1 mol% CuI and 1 mol% 5-L1 7 
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6 10 mol% CuI and 10 mol% 5-L1 42 
7 5 mol% 5-FL3 instead of 5-L1 58 
8 5 mol% 5-FL2 instead of 5-L1 63 
9 5 mol% 5-FL1 instead of 5-L1 69 
10 Absence of 5-FL1 Trace 
a 
Reaction condition: 1-phenyl-1-cyclohexene (0.5 mmol), CuI (5 mol%), 5-L1 (5 




Next, we investigated the generality of the optimized conditions for allylic and 
benzylic oxidation with various alkenes and alkylarenes (Table 5-14). Moderate to 
good yields were obtained for the allylic oxidation of cycloalkenes containing both 
electron-withdrawing and donating- groups (Table 5-14, entries 1-5). Yields obtained 
were however generally lower compared to previously reported
8f
 procedure (Table 5-
14, entries 1-3). Next, we examined the oxidation reaction of benzylic substrates 
(Table 5-14, entries 6-17). Ethylbenzene was successfully oxidized to acetophenone 
in 80% yield which was higher than the yield obtained via our previously reported 
procedure (Table 5-14, entry 6). The presence of a bromo substituent in 1-bromo-2-
ethylbenzene did not hinder the oxidation reaction and gave the corresponding ketone 
in 62% yield (Table 5-14, entry 7). Alkylarene with a longer alkyl chain 4-7n resulted 
in lower yield (Table 5-14, entry 8) but cyclic alkylarene 4-7h was successfully 
oxidized under the aqueous procedure to give compound 4-8h in good yield (Table 5-
14, entry 9). The oxidation of fluorene 4-7f was sluggish and required a higher 
temperature (50 ºC) and the requirement for higher temperature was also observed for 
other solid substrates (Table 5-14, entries 10-12 and 15). Similarly, the presence of a 
bromo substituent in fluorene did not hinder the oxidation reaction albeit a lower 
yield was observed (Table 5-14, entry 11). For the oxidation of substrate 4-7g, the 
doubly oxidized product 4-8g was obtained in 71% yield with 10% of anthracene 5-
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14d as side-product (Table 5-14, entry 12). The presence of electron-withdrawing 
methyl ester functionality on the alkyl moiety of the alkylarene causes the benzylic C-
H to be inert and thus resulting in substrate 4-7m being a challenging substrate for 
oxidation.
25
 Gratifyingly, oxidation of substrate 4-7m was successfully carried out 
under our optimized conditions giving product 4-8m in 80% yield without any 
hydrolyzed product (Table 5-14, entry 13). Heteroatom bearing substrates were also 
compatible with the reaction condition and provided the corresponding oxidized 
product in good yields (Table 5-14, entries 14 and 15). Oxidation of amine 5-13e 
yield amide 5-14e in 61% yield (Table 5-14, entry 16). It is worth noting that the 
oxidation of cyclic amine 5-13f did not yield the lactam; instead aromatization of the 
substrate occurred and gave 5-14f in 55% yield (Table 5-14, entry 17).  
 

































































































Reaction condition: Substrate (0.5 mmol), CuI (5 mol%), 5-FL1 (5 mol%), T-Hydro 
(5 equiv.), water (1.0 mL), r.t., 12 h.  
b 
Isolated yield.  
c
 Using CuI/fluorous tridentate ligand:
8f
 5 mol% CuI, 5 mol% fluorous tridentate 
ligand, 5 mol% SDS, T-Hydro, water, r.t., 1 h.  
d
 Oil bath temperature of 50 °C.
  
e
 Using CuI/fluorous tridentate ligand:
8f
 5 mol% CuI, 5 mol% fluorous tridentate 
ligand, 5 mol% SDS, T-Hydro, water, 50 °C, 2 h. 
 f
 Using CuI/fluorous tridentate ligand:
8f
 5 mol% CuI, 5 mol% fluorous tridentate 
ligand, 5 mol% SDS, T-Hydro, water, 50 °C, 3 h. 
 
Next, to determine the applicability of the reaction, we carried out a gram-scale 
oxidation using our optimized conditions using 1.58g (10 mmol) of 4-7a (Scheme 5-
7). 1.18g (69%, 6.86 mmol) of 4-8a was obtained with 10% of 4-7a’ and 97% of 5-
FL1 was recovered via F-SPE.  
 
 
Scheme 5-7. Gram-scale synthesis of 4-8a. 
 
Previously, we proposed a radical mechanism for the copper-catalyzed allylic 
oxidation using T-Hydro (Chapter 4). The presence of the tert-butylperoxy 
intermediate 4-7a’ and the subsequent oxidation of 4-7a’ to give product 4-8a under 
the optimized condition (Scheme 5-8) supported the proposed radical mechanism. 
Furthermore, the addition of 2,6-di-tert-butyl-4-methylphenol (BHT) to the reaction 





Scheme 5-8. Reaction of 4-7a’ under optimized reaction condition. 
 
 
Scheme 5-9. Reaction of 4-7a in the presence of BHT. 
 
5.7   Recycling of 5-FL1 and 5-FL2 
Next, we investigated the possibility of recovering and reusing 5-FL2 (Table 5-15). 
4-Methoxybenzyl alcohol 5-6a was used as the model substrate under the optimized 
condition for the copper-catalyzed aerobic oxidation reaction. We found that over 5 
runs, the time taken for the reaction to complete was 5-7 h and aldehyde 5-7a was 
obtained in 85-90% yields with 92-96% of 5-FL2 recovered (Table 5-15, entries 1-5). 
Similarly, to address the recyclability of 5-FL2 in the Knoevenagel condensation 
reaction, the recycling experiments were carried out with benzaldehyde 5-7b and 
malononitrile as model substrates. The results obtained were gratifying as the yields 
obtained over five runs were quantitative and the time required for the reaction to go 
to completion remained short. In addition, the recovery of 5-FL2 was 92-97% (Table 
5-15, entries 6-10). To investigate the possibility of recycling and reusing 5-FL1, 
substrate 4-7a was used as the model substrate under the optimized reaction 
condition. The recycling experiments were carried out over five cycles and the 
product 4-8a was obtained in 60-69% yield with 92-97% of 5-FL1 recovered via F-
SPE (Table 5-15, entries 11-15). A slow decline of the catalytic activity of 5-FL1 was 
observed after several cycles. Finally, recycling experiments were carried out to 
determine the recyclability of 5-FL2 in the tamdem oxidation/Knoevenagel 
condensation reaction. The recycling experiments were carried out over five cycles 
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and the product 5-8a was obtained in 73-79% yield (over 2 steps) with 91-96% of 5-
FL2 recovered (Table 5-15, entries 16-20).  
 
Table 5-15. Recycling of 5-FL1 and 5-FL2
a
 






1 1 5 90 96 
2 2 5 89 93 
3 3 6 86 94 
4 4 6 87 94 
5 5 7 85 92 
 
6 1 2 96 97 
7
 
2 2 95 97 
8 3 3 94 95 
9 4 3 95 93 
10 5 3 93 92 
 
11 1 12 69 97 
12 2 12 68 96 
13 3 12 65 94 
14 4 12 61 92 






























 Reaction condition: respective optimized reaction conditions (2.5 mmol scale for 
aerobic oxidation, allylic oxidation and tandem reaction; 16 mmol scale for 
Knoevenagel condensation).  
b
 Isolated yields. 
c
 Recovered via F-SPE. 
d
 Refers to time t1+t2.  
e
 Isolated yields over 2 steps. 
 
5.8   Conclusion 
In summary, fluorous bispidine-type ligands 5-FL1 to 5-FL3 and non-fluorous 
bispidine-type ligands 5-L1 to 5-L3 were synthesized and evaluated for their 
activities as ligands for the copper-catalyzed aerobic oxidation of benzylic and allylic 
alcohols and the copper-catalyzed allylic and benzylic sp
3
 C-H oxidation reaction. 5-
FL2 was shown to, not only, promote oxidation reactions in water but was capable of 
serving as a proton sponge in the Knoevenagel condensation reaction. The dual 
function of 5-FL2 was further demonstrated in the tandem oxidation/Knoevenagel 
condensation in water. The compatibility of the aerobic oxidation system allowed the 
tandem oxidation/Horner-Emmons-Wadsworth reaction, tandem oxidation/imine 
formation reaction and tandem oxidation/reductive amination reaction to be carried 
out without intermittent workup and purification. Recycling was also possible with 5-
FL2 which was reused five times without significant loss of activity. 5-FL1 was also 
amenable to the sp
3
 C-H oxidation reaction in water and could be reused five times 
without significant loss of activity.  
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5.9   Experimental 
5.9.1   General 
All chemicals purchased were used without further purification. C8F17(CH2)2I and 
C8F17(CH2)3I were purchased from Sigma Aldrich and used without further 







16 were synthesized according to 
previously reported procedure. Moisture-sensitive reactions were carried out under 
nitrogen with commercially obtained anhydrous solvents. Analytical thin-layer 
chromatography (TLC) was carried out on precoated F254 silica plates and visualized 
with UV light. Column chromatography was performed with silica (Merck, 230 – 400 
mesh). F-SPE was performed with FluoroFlash
®





NMR spectra were recorded at 298K. Chemical shifts are expressed in terms of δ 
(ppm) relative to the internal standard tetramethylsilane (TMS). Mass spectra were 
performed under EI and ESI mode.  
 
5.9.2   Synthesis of Dimethyl 7-(4-methoxybenzyl)-3-methyl-9-oxo-2,4-di(pyridin-
2-yl)-3,7-diazabicyclo[3.3.1]nonane-1,5-dicarboxylate (5-L1) 
To a solution of compound 5-1 (4.99 g, 13.0 mmol) in EtOH (43 mL) was added 4-
methoxybenzylamine (2.05 mL, 15.7 mmol) and formaldehyde (37%, 2.6 mL, 31.3 
mmol). The reaction mixture was refluxed for 1 h, and the solvent was evaporated. 
The crude solid was recrystallized from EtOH and the desired product 5-L1 (5.36 g, 
80%) was obtained as a white solid.  
 
5.9.3   Synthesis of (4-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluor 
oundecyloxy)phenyl)methanol (5-p2) 
To a solution of compound 4-3 (322 mg, 0.55 mmol) in THF (5.7 mL) was added 
NaBH4 (21 mg, 0.56 mmol). The reaction mixture was stirred at room temperature for 
12 h and quenched with water (5 mL). THF was removed and the reaction mixture 
was diluted with DCM (20 mL). The organic layer was separated, and the aqueous 
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layer was further extracted with DCM (20 mL x 2). The combined organic layers was 
dried over anhydrous MgSO4, filtered and concentrated. The desired product 5-p2 
(323 mg, 99%) was obtained as a white solid.  
 
5.9.4   Synthesis of 1-(Chloromethyl)-4-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-
heptadecafluoroundecyloxy)benzene (5-2) 
To a solution of compound 5-p2 (400 mg, 0.68 mmol) in DCM (1.2 mL) was added 
SOCl2 (98 µL, 1.36 mmol). The reaction mixture was stirred at room temperature for 
3 h, quenched with water (5 mL) and extracted with EtOAc (20 mL x 3). The 
combined organic layer was dried over anhydrous MgSO4, filtered and concentrated. 
The desired product 5-2 (407 mg, 99%) was obtained as a white solid.  
 
5.9.5   Synthesis of Dimethyl 3-methyl-9-oxo-7-(4-(4,4,5,5,6,6,7,7,8,8,9,9,10, 
10,11,11,11-heptadecafluoroundecyloxy)benzyl)-2,4-di(pyridin-2-yl)-3,7-
diazabicyclo[3.3.1]nonane-1,5-dicarboxylate  (5-FL1)  
To a solution of compound 5-3 (246 mg, 0.58 mmol) in ACN (2.3 mL) was added 
Na2CO3 (123 mg, 1.16 mmol) and compound 5-2 (377 mg, 0.62 mmol). The reaction 
mixture was refluxed for 24 h, and the solvent was evaporated. The residue was 
partitioned between DCM and water, the organic layer was separated and the aqueous 
layer was extracted with DCM (20 mL x 3), the combined organic layer was dried 
over anhydrous MgSO4, filtered and concentrated. The desired product 5-FL1 (490 
mg, 85%) was obtained as a brown foamed solid that could be powdered.  
 
5.9.6   Synthesis of Dimethyl 3-methyl-9-oxo-7-(3,3,4,4,5,5,6,6,7,7,8,8,9,9, 
10,10,10-heptadecafluorodecyl)-2,4-di(pyridin-2-yl)-3,7-diazabicyclo[3.3.1] 
nonane-1,5-dicarboxylate (5-FL2) 
To a solution of compound 5-3 (200 mg, 0.47 mmol) in ACN (1.9 mL) was added 
Na2CO3 (100 mg, 0.94 mmol) and C8F17(CH2)2I (287 mg, 0.5 mmol). The reaction 
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mixture was refluxed for 24 h, and the solvent was evaporated. The residue was 
partitioned between DCM and water, the organic layer was separated and the aqueous 
layer was extracted with DCM (20 mL x 3), the combined organic layer was dried 
over anhydrous MgSO4, filtered and concentrated. The crude solid was recrystallized 
from EtOH and the desired product 5-FL2 (241 mg, 59%) was obtained as a white 
solid.  
 
5.9.7   General Procedure for the Synthesis of 5-L3 and 5-FL3  
To a solution of 1,5-diphenyl-3,7-di(2-pyridylmethyl)-3,7-diazabicyclo[3.3.1]nonan-
9-one 5-4 (238 mg, 0.5 mmol) in THF–H2O = 1: 1 (5.0 mL) was added NaBH4 (95 
mg, 2.5 mmol). Addition portion of NaBH4 was added every 2 h (total 3 portions) and 
the reaction mixture was stirred at room temperature for 12 h. The reaction mixture 
was quenched at 0 °C with 50% aqueous HCl and allowed to stir at room temperature 
for 30 min. 20% NaOH was added to the reaction mixture to pH 10 and consecutively 
washed with DCM (20 mL x 3). The combined organic layer was washed with water 
(10 mL x 3) and brine (10 mL x 3), dried over anhydrous MgSO4, filtered and 
concentrated. The desired product 5-5 (223 mg, 94%) was obtained as a white solid 
and used without further purification. To a solution of compound 5-5 (223 mg, 0.47 
mmol) in THF (1.0 mL) was added NaH (60% in mineral oil, 38 mg, 0.94 mmol) and 
R-I (0.94 mmol). The reaction mixture was refluxed for 12 h, quenched with MeOH 




This compound was synthesized following the general procedure using methyl iodide 
(58.5 µL, 0.94 mmol). 5-L3 (190 mg, 0.39 mmol) was obtained as a brown foamed 





bis(pyridin-2-ylmethyl)-3,7-diazabicyclo[3.3.1]nonane (5-FL3)  
This compound was synthesized following the general procedure using C8F17(CH2)2I 
(540 mg, 0.94 mmol). 5-FL3 (255 mg, 0.28 mmol) was obtained as a brown foamed 
solid that could be powdered.  
 
5.9.8   General Procedure for the Copper-Catalyzed Aerobic Oxidation of 
Alcohols 
A mixture of the substrate (0.5 mmol), 5-FL2 (5 mol%), CuBr (5 mol%), TEMPO (5 
mol%) and water (0.5 mL) was stirred at room temperature (50 ºC for secondary 
alcohols) in the presence of ambient air. The reaction was monitored by TLC. When 
the reaction has completed, the reaction mixture was diluted with EtOAc (20 mL) and 
the organic layer was separated. The aqueous layer was further extracted with EtOAc 
(20 mL). The combined organic layer was dried over anhydrous MgSO4, filtered and 
concentrated. The crude product was then purified by passing through a short pad of 
silica. 
 
5.9.9   General Procedure for the Base-Catalyzed Knoevenagel Condensation 
Reaction 
A mixture of the respective aldehyde (0.5 mmol), malononitrile (0.5 mmol), 5-FL2 (1 
mol%) and water (5.0 mL) was stirred at 40 °C. The reaction was monitored by TLC. 
When the reaction has completed, water was removed and the crude product was 
purified by F-SPE. The crude product was first diluted with THF–H2O = 7: 3 (1 mL) 
and loaded into an F-SPE fluorous silica column (column diameter: 2.20 cm; amount 
of fluorous silica required: 10% of crude product by weight). The pure product was 





5.9.10   General Procedure for the Tandem Oxidation/Knoevenagel 
Condensation Reaction 
A mixture of the substrate (0.5 mmol), 5-FL2 (5 mol%), CuBr (5 mol%), TEMPO (5 
mol%) and water (0.5 mL) was stirred at room temperature in the presence of ambient 
air. The reaction was monitored by TLC. When the reaction has completed, 
malononitrile (0.5 mmol) and water (4.5 mL) was added to the reaction mixture and 
stirred at 40 °C. The reaction was monitored by TLC. When the reaction has 
completed, the reaction mixture was diluted with EtOAc (20 mL) and the organic 
layer was separated. The aqueous layer was further extracted with EtOAc (20 mL). 
The combined organic layer was dried over anhydrous MgSO4, filtered and 
concentrated. The crude product was then purified by column chromatography. 
 
5.9.11   General Procedure for the Tandem Oxidation/Horner-Emmons-
Wadsworth Reaction  
A mixture of the substrate (0.5 mmol), 5-FL2 (5 mol%), CuBr (5 mol%), TEMPO (5 
mol%) and water (0.5 mL) was stirred at room temperature in the presence of ambient 
air. The reaction was monitored by TLC. When the reaction has completed, DBU (1.0 
mmol), LiCl (1.0 mmol) and triethyl phosphonoacetate (1.0 mmol) were added to the 
reaction mixture and stirred at 50 °C. The reaction was monitored by TLC. When the 
reaction has completed, the reaction mixture was diluted with EtOAc (20 mL) and the 
organic layer was separated. The aqueous layer was further extracted with EtOAc (20 
mL). The combined organic layer was dried over anhydrous MgSO4, filtered and 
concentrated. The crude product was then purified by column chromatography. 
 
5.9.12   Synthesis of 5-11 via the Tandem Oxidation/Imine Formation Reaction 
A mixture of 5-6a (0.5 mmol), 5-FL2 (5 mol%), CuBr (5 mol%), TEMPO (5 mol%) 
and water (0.5 mL) was stirred at room temperature in the presence of ambient air. 
The reaction was monitored by TLC. When the reaction has completed, tert-butyl 
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amine (1.5 mmol) was added to the reaction mixture and stirred at room temperature 
for 12 h. The reaction mixture was diluted with EtOAc (20 mL) and the organic layer 
was separated. The aqueous layer was further extracted with EtOAc (20 mL). The 
combined organic layer was dried over anhydrous MgSO4 and filtered. The filtrate 
was allowed to pass through a short pad of neutral alumina to remove residual copper 
salts and concentrated to obtain 5-11 and 5-7a in a ratio of 97:3 (88% isolated) 
according to 
1
H NMR.  
 
5.9.13   General Procedure for the Tandem Oxidation/Reductive Amination 
Reaction  
A mixture of the substrate (0.5 mmol), 5-FL2 (5 mol%), CuBr (5 mol%), TEMPO (5 
mol%) and water (0.5 mL) was stirred at room temperature in the presence of ambient 
air. The reaction was monitored by TLC. When the reaction has completed, amine 
(1.5 mmol) was added to the reaction mixture and stirred at room temperature for 12 
h. NaBH4 (1.0 mmol) was added to the reaction mixture and stirred at room 
temperature for 2 h. The reaction mixture was diluted with EtOAc (20 mL) and the 
organic layer was separated. The aqueous layer was further extracted with EtOAc (20 
mL). The combined organic layer was dried over anhydrous MgSO4, filtered and 
concentrated. The crude product was then purified by column chromatography. 
 
5.9.14   General Procedure for the Copper-Catalyzed Allylic and Benzylic 
Oxidation Reaction 
A mixture of the substrate (0.5 mmol), 5-FL1 (5 mol%), CuI (5 mol%) and water (1.0 
mL) was stirred at room temperature. T-Hydro (5 equiv.) was added dropwise to the 
stirred solution and the reaction mixture was allowed to further stirred at room 
temperature for 12 h. The reaction was monitored by TLC. When the reaction has 
completed, the reaction mixture was diluted with EtOAc (20 mL) and the organic 
layer was separated. The aqueous layer was further extracted with EtOAc (20 mL). 
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The combined organic layer was dried over anhydrous MgSO4, filtered and 
concentrated. The crude product was then purified by column chromatography. 
 
5.9.15   General Procedure for the Recycling Experiment of Aerobic Oxidation 
using F-SPE  
Recycling experiments were carried out on a 2.50 mmol scale using the general 
procedure described above. The crude product was first diluted with THF–H2O = 7: 3 
(1 mL) and loaded into a F-SPE fluorous silica column (column diameter: 2.20 cm; 
amount of fluorous silica required: calculated based on 10% of crude product loaded 
by weight). The crude product was then eluted using THF–H2O = 7: 3 (30 mL) as 
eluent and 5-FL2 was subsequently eluted with THF (20 mL). The fluorous silica was 
regenerated and reused (5 times) after washing with acetone (10 mL). To determine 
the amount of product formed after each recycling experiment, the solution of pure 
product was concentrated and then purified accordingly. The subsequent cycles were 
scaled down according to the amount of recovered palladacycle 1. 
 
5.9.16   General Procedure for the Recycling Experiment of Knoevenagel 
Condensation Reaction using F-SPE 
Recycling experiments were carried out on a 16.0 mmol scale using the general 
procedure described above. The crude product was first diluted with THF–H2O = 7: 3 
(5 mL) and loaded into a F-SPE fluorous silica column (column diameter: 2.20 cm; 
amount of fluorous silica required: calculated based on 10% of crude product loaded 
by weight). The pure product was then eluted using THF–H2O = 7: 3 (150 mL) as 
eluent and 5-FL2 was subsequently eluted with THF (100 mL). The fluorous silica 
was regenerated and reused (5 times) after washing with acetone (50 mL). To 
determine the amount of product formed after each recycling experiment, the solution 
of pure product was concentrated. The subsequent cycles were scaled down according 
to the amount of recovered palladacycle 1. 
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5.9.17   General Procedure for the Recycling Experiment of the Copper-
Catalyzed Allylic and Benzylic Oxidation using F-SPE 
Recycling experiments were carried out on a 2.50 mmol scale using the general 
procedure described above. The crude product was first diluted with THF–H2O = 7: 3 
(1 mL) and loaded into a F-SPE fluorous silica column (column diameter: 2.20 cm; 
amount of fluorous silica required: calculated based on 10% of crude product loaded 
by weight). The crude product was then eluted using THF–H2O = 7: 3 (30 mL) as 
eluent and 5-FL1 was subsequently eluted with THF (20 mL). The fluorous silica was 
regenerated and reused (5 times) after washing with acetone (10 mL). To determine 
the amount of product formed after each recycling experiment, the solution of crude 
product was concentrated, diluted with EtOAc (20 mL) and washed with water (10 
mL). The organic layer was dried over anhydrous MgSO4, filtered, concentrated and 
then purified accordingly. The subsequent cycles were scaled down according to the 
amount of recovered palladacycle 1. 
 
5.9.18   General Procedure for the Recycling Experiment of Tandem 
Oxidation/Knoevenagel Condensation Reaction using F-SPE 
Recycling experiments were carried out on a 2.50 mmol scale using the general 
procedure described above. The crude product was first diluted with THF–H2O = 7: 3 
(1 mL) and loaded into a F-SPE fluorous silica column (column diameter: 2.20 cm; 
amount of fluorous silica required: calculated based on 10% of crude product loaded 
by weight). The crude product was then eluted using THF–H2O = 7: 3 (30 mL) as 
eluent and 5-FL2 was subsequently eluted with THF (20 mL). The fluorous silica was 
regenerated and reused (5 times) after washing with acetone (10 mL). To determine 
the amount of product formed after each recycling experiment, the solution of pure 
product was concentrated and then purified accordingly. The subsequent cycles were 
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H NMR (500 MHz, CDCl3) δ 7.77 (d, J = 8.9 Hz, 8H), 6.96 (d, J = 8.9 
Hz, 8H), 6.06 (m, 2H), 5.44, (dd, J = 10.8, 1.3 Hz, 2H), 5.32 (dd, J = 10.7, 1.3 Hz, 
2H), 4.61 (d, J = 5.1 Hz, 4H). 
13
C NMR (125 MHz, CDCl3) δ 194.3, 161.8, 132.6, 





Bis(4-(perfluorooctyl-2-iodopropoxy)phenyl) methanone (1c) 
Pale yellow solid. 
1
H NMR (500 MHz, CDCl3) δ 7.80 (d, J = 8.9 Hz, 4H), 6.98 (d, J = 
8.9 Hz, 4H), 4.59-4.54 (m), 4.39-4.36 (m), 4.30-4.26 (m), 3.23-3.12 (m, 2H), 2.91-
2.79 (m, 2H). 
13
C NMR (125 MHz, CDCl3) δ 194.1, 160.8, 132.3, 131.7, 114.3, 72.7, 
37.9 (t, J = 21.0 Hz), 12.1. 
19
F NMR (282 MHz, CDCl3) δ -80.71 (t, J = 10.3 Hz, 6F), 
-113.16 - -113.59 (m, 4F), -121.49 - -121.83 (d, 12F), -122.63 (s, 4F), -123.39 (s, 4F), 
-126.04 (s, 4F). HRMS (ESI): calcd. for C35H18O3F34I2 (M
+






H NMR (500 MHz, CDCl3) δ 7.79 (d, J = 8.8 Hz, 8H), 6.96 (d, J = 8.8 
Hz, 8H), 4.14-4.12 (m), 2.39-2.29 (m, 4H), 2.18-2.13 (m, 4H). 
13
C NMR (125 MHz, 
50°C, CDCl3) δ 194.1, 161.9, 132.2, 131.4, 114.1, 66.7, 28.1 (t, J = 21.9 Hz), 20.7. 
19
F NMR (282 MHz, CDCl3) δ -81.60 (t, J = 10.3 Hz, 6F), -114.73 (t, J = 14.4 Hz, 
4F), -122.22 - -122.43 (d, 12F), -123.25 (s, 4F), - 123.98 (s, 4F), -126.71 (s, 4F). 
HRMS (ESI): calcd. for C35H20O3F34 (M
+





Bis(4-(perfluorooctylpropoxy)phenyl)methanone oxime (1e) 
White solid. 
1
H NMR (500 MHz, acetone-d6) δ 10.09 (s, 1H), 7.39 (d, J = 8.8 Hz, 
2H), 7.33 (d, J = 8.8 Hz, 2H), 7.04 (d, J = 8.8 Hz, 4H), 6.93 (d, J = 8.8 Hz, 4H), 4.23-
4.21 (m), 4.19-4.16 (m), 2.57-2.42 (m, 4H), 2.19-2.11 (m, 4H). 
13
C NMR (125 MHz, 
acetone-d6) δ 160.3, 159.7, 155.2, 132.8, 131.8, 131.3, 129.8, 127.1, 115.0, 114.7, 
67.1, 67.1, 66.5, 28.5-28.1 (m), 21.3. 
19
F NMR (282 MHz, CDCl3): δ -80.72 (t, J = 
10.3 Hz, 6F), -114.4 - -114.32 (d, 4F), -121.67 - -121.87 (d, 12F), -122.66 (s, 4F), -
123.36 (s, 4F), -126.05 (s, 4F). HRMS (ESI): calcd. for C35H21O3F34N (M
+
+1) 





H NMR (500 MHz, acetone-d6) δ 10.9 (s, 1H), 7.49-7.49 (m), 7.42 (d, J 
= 8.85 Hz, 4H), 7.12 (d, J = 8.85 Hz, 4H), 6.66 (d, J = 8.15 Hz, 1H), 6.49-6.47 (m), 
4.28-4.26 (m), 4.10-4.08 (m), 2.57-2.41 (m, 4H), 2.19-2.07 (m, 4H). 
13
C NMR (125 
MHz, acetone-d6) δ 163.7, 160.5, 158.0, 155.0, 137.4, 131.4, 128.0, 123.3, 121.8, 
119.9, 115.1, 110.0, 67.3, 66.8, 55.4, 31.7(value deleted), 28.6-28.0 (m), 21.2. 
19
F 
NMR (282 MHz, CDCl3) δ -81.64 (t, J = 10.3 Hz, 6F), -114.72 (t, J = 12.4 Hz, 4F), -
122.22 - - 122.43 (d, 12F), -123.25 (s, 4F), -123.95 (s, 4F), -126.71 (s, 4F). IR (KBr): 
v = 3429, 2961, 2762, 1578, 1246, 1206, 1025 cm
-1
. MALDI HR: calcd. For 
C35H19O3F34NPd (M
+
-1) 1288.9624; found 1287.9540. Elemental analysis: calcd. C, 
32.58; H, 1.56; N, 1.09; Cl, 2.75; F, 50.06; found C, 32.70; H,1.90; N, 1.56; Cl, 2.70; 
F, 50.05. 
 
2,3-Diphenyl-1-indenone (2-3a)  
Red solid. 
1
H NMR (500 MHz, CDCl3) δ 7.49 (d, J = 7.0 Hz, 1H), 7.33 – 7.27 (m, 
6H), 7.18 – 7.14 (m, 6H), 7.05 (d, J = 7.2 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 
196.5, 155.3, 145.3, 133.4, 132.8, 132.4, 130.8, 130.8, 130.0, 129.3, 128.9, 128.8, 
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3-Phenyl-2-(trimethylsilyl)-1-indenone (2-3b)  
Orange oil. 1H NMR (500 MHz, CDCl3) δ 7.51 – 7.45 (m, 4H), 7.36 (dd, J = 7.6, 1.7 
Hz, 2H), 7.32 – 7.23 (m, 2H), 6.88 (d, J = 7.1 Hz, 1H), 0.05 (s, 9H). 13C NMR (126 
MHz, CDCl3) δ 201.8, 170.7, 147.3, 135.0, 134.8, 133.0, 132.4, 129.1, 129.1, 128.4, 










H NMR (500 MHz, CDCl3) δ 7.35 (d, J = 7.0 Hz, 1H), 7.31 (s, 1H), 7.13 
(dd, J = 10.9, 3.9 Hz, 1H), 7.01 (d, J = 7.2 Hz, 1H), 2.53 – 2.48 (m, 2H), 2.25 – 2.21 
(m, 2H), 1.63 (dq, J = 14.9, 7.4 Hz, 2H), 1.49 (dt, J = 15.1, 7.4 Hz, 2H), 1.02 (t, J = 
7.4 Hz, 3H), 0.92 (t, J = 7.4 Hz, 3H). 
13
C NMR (126 MHz, CDCl3) δ 198.6, 157.7, 
145.7, 134.8, 133.2, 131.2, 127.9, 121.7, 119.0, 28.3, 24.9, 22.6, 21.3, 14.4, 14.2. 
HRMS (EI): calcd for C15H18O (M
+





H NMR (500 MHz, CDCl3) δ 7.49 (d, J = 7.0 Hz, 1H), 7.46 – 7.40 (m, 
5H), 7.37 – 7.33 (m, 1H), 7.28 (d, J = 7.1 Hz, 1H), 7.17 (d, J = 7.2 Hz, 1H), 2.33 (s, 
3H). 
13
C NMR (126 MHz, CDCl3) δ 196.4, 154.6, 145.9, 133.6, 133.5, 131.2, 130.4, 
129.6, 128.9, 128.3, 127.7, 122.1, 119.4, 12.6. HRMS (EI): calcd for C16H12O (M
+
) 





H NMR (500 MHz, CDCl3) δ 7.56 – 7.42 (m, 6H), 7.29 (dd, J = 10.7, 





(126 MHz, CDCl3) δ 198.3, 154.7, 145.7, 133.1, 132.8, 131.2, 131.1, 129.2, 128.7, 
128.1, 128.0, 122.5, 120.4, 8.6. HRMS (EI): calcd for C16H12O (M
+






H NMR (500 MHz, CDCl3) δ 7.55 (dd, J = 5.5, 2.9 Hz, 1H), 7.45 (dd, 
J = 7.5, 2.0 Hz, 2H), 7.37 – 7.31 (m, 5H), 7.29 (dt, J = 7.4, 3.6 Hz, 2H), 7.24 (dd, J = 
8.5, 2.8 Hz, 4H), 2.05 (s, 1H), 1.61 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 149.5, 
147.0, 142.2, 138.7, 134.7, 134.7, 129.4, 129.3, 128.5, 128.4, 128.0, 127.6, 127.3, 
126.6, 121.9, 120.8, 83.3, 24.0. HRMS (EI): calcd for C22H18O (M
+






H NMR (500 MHz, CDCl3) δ 7.47 (d, J = 7.2 Hz, 1H), 7.41 (dt, J = 
13.6, 6.8 Hz, 3H), 7.31 – 7.27 (m, 2H), 7.21 (ddt, J = 13.5, 7.4, 3.7 Hz, 2H), 6.84 (d, J 
= 7.1 Hz, 1H), 1.80 (s, 1H), 1.73 (s, 3H), 0.06 (s, 9H). 
13
C NMR (126 MHz, CDCl3) δ 
153.0, 152.0, 150.9, 143.6, 136.8, 128.8, 128.3, 128.2, 127.7, 126.7, 121.3, 120.6, 









H NMR (500 MHz, CDCl3) δ 7.38 (d, J = 7.2 Hz, 1H), 7.23 (dd, J = 
11.1, 3.8 Hz, 1H), 7.14 (t, J = 7.4 Hz, 2H), 2.44 – 2.40 (m, 2H), 2.39 – 2.32 (m, 1H), 
2.28 (ddd, J = 13.8, 10.5, 5.7 Hz, 1H), 1.70 – 1.53 (m, 4H), 1.51 (s, 3H), 1.49 (s, 1H), 
1.00 (dt, J = 14.9, 7.4 Hz, 6H). 
13
C NMR (126 MHz, CDCl3) δ 149.5, 147.9, 143.0, 
136.6, 128.1, 125.2, 121.2, 118.8, 82.6, 27.4, 27.2, 23.6, 23.0, 21.7, 14.8, 14.4. 
HRMS (EI): calcd for C16H22O (M
+








H NMR (500 MHz, CDCl3) δ 7.55 (d, J = 7.7 Hz, 2H), 7.48 – 7.41 (m, 
3H), 7.34 (dd, J = 12.9, 7.0 Hz, 2H), 7.28 – 7.24 (m, 2H), 2.11 (s, 3H), 1.87 (s, 1H), 
1.50 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 149.2, 146.4, 143.3, 135.2, 134.3, 129.1, 
128.5, 128.2, 127.3, 126.4, 121.3, 119.3, 83.1, 23.6, 11.5. HRMS (EI): calcd for 
C17H16O (M
+





H NMR (500 MHz, CDCl3) δ 7.51 – 7.44 (m, 3H), 7.38 (dd, J = 15.0, 
7.6 Hz, 3H), 7.22 (ddd, J = 15.7, 13.9, 7.4 Hz, 2H), 7.13 (d, J = 7.0 Hz, 1H), 1.99 (s, 
3H), 1.65 (s, 1H), 1.58 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 149.1, 146.1, 142.7, 
136.3, 134.5, 128.9, 128.4, 128.3, 127.4, 125.5, 121.8, 119.8, 82.0, 23.2, 9.8. HRMS 
(EI): calcd for C17H16O (M
+





H NMR (500 MHz, CDCl3) δ 7.57 (d, J = 8.1 Hz, 1H), 7.28 (d, J = 7.7 
Hz, 2H), 7.20 – 7.01 (m, 12H, include CDCl3), 3.66 (s, 2H). 
13
C NMR (125 MHz, 
CDCl3) δ 142.3, 139.7, 139.1, 137.6, 134.4, 130.9, 130.6, 129.9, 128.3, 127.4, 127.3, 
126.9, 126.9, 126.4, 125.6, 122.4, 108.3. HRMS (EI): calcd for C22H17N (M
+
) 





H NMR (500 MHz, CDCl3) δ 7.57 (d, J = 8.4 Hz, 2H), 7.42 (d, J = 2.6 Hz, 
2H), 7.34 – 7.27 (m, 5H), 7.01 (s, 1H), 4.07 (s, 2H), 0.03 (s, 9H). 13C NMR (125 
MHz, CDCl3) δ 142.0, 135.0, 131.3, 131.0, 129.2, 128.3, 127.9, 127.7, 127.3, 127.0, 












H NMR (500 MHz, CDCl3) δ 7.88 (d, J = 8.5 Hz, 1H), 7.56 (d, J = 8.2 
Hz, 1H), 7.30 (dd, J = 10.9, 4.0 Hz, 1H), 7.25 – 7.20 (m, 1H), 6.93 (s, 1H), 3.82 (s, 
2H), 3.04 – 2.99 (m, 2H), 2.73 – 2.67 (m, 2H), 1.65 (dddd, J = 16.2, 12.9, 9.3, 6.5 Hz, 
4H), 1.14 – 1.08 (m, 6H). 13C NMR (125 MHz, CDCl3) δ 142.9, 137.1, 133.7, 131.3, 
127.6, 126.3, 125.0, 124.1, 122.3, 108.4, 31.0, 30.2, 24.4, 22.7, 14.8, 14.7. HRMS 
(EI): calcd for C16H21N (M
+





H NMR (500 MHz, CDCl3) δ 7.92 (d, J = 8.4 Hz, 1H), 7.63 (d, J = 8.2 Hz, 
1H), 7.51 (t, J = 7.6 Hz, 2H), 7.45 – 7.37 (m, 2H), 7.32 – 7.28 (m, 3H), 6.99 (s, 1H), 
3.61 (s, 2H), 2.36 (s, 3H). 
13
C NMR (125 MHz, CDCl3) δ 142.5, 138.5, 134.3, 132.8, 
130.3, 130.0, 129.1, 127.5, 127.2, 126.1, 125.9, 124.5, 122.4, 106.8, 16.4. HRMS 
(EI): calcd for C17H15N (M
+





H NMR (500 MHz, CDCl3) δ 7.93 (d, J = 8.6 Hz, 1H), 7.50 (d, J = 8.2 
Hz, 1H), 7.30 (t, J = 7.4 Hz, 1H), 7.22 (t, J = 7.7 Hz, 1H), 6.87 (s, 1H), 3.95 (s, 2H), 
2.82 (s, 3H), 1.68 (s, 9H). 
13
C NMR (125 MHz, CDCl3) δ 144.3, 135.5, 133.5, 132.7, 
129.5, 125.3, 124.1, 122.4, 110.8, 37.7, 33.1, 20.2. HRMS (EI): calcd for C15H19N 
(M
+





H NMR (500 MHz, CDCl3) δ 8.25 (s, 1H), 7.70 (d, J = 7.9 Hz, 1H), 
7.45 (dd, J = 11.8, 4.9 Hz, 5H), 7.39 (t, J = 7.6 Hz, 2H), 7.36 – 7.27 (m, 5H), 7.17 (t, 
J = 7.5 Hz, 1H). 
13
C NMR (126 MHz, CDCl3) δ 135.9, 135.1, 134.1, 132.7, 130.2, 
128.8, 128.7, 128.5, 128.2, 127.7, 126.2, 122.7, 120.4, 119.7, 115.1, 110.9. HRMS 
(EI): calcd for C20H15N (M
+






H NMR (500 MHz, CDCl3) δ 8.17 (s, 1H), 7.59 (d, J = 8.0 Hz, 1H), 7.50 
(d, J = 7.0 Hz, 2H), 7.45 (t, J = 7.6 Hz, 3H), 7.37 (t, J = 7.3 Hz, 1H), 7.25 (t, J = 7.6 
Hz, 1H), 7.13 (t, J = 7.5 Hz, 1H), 0.25 (s, 9H). 
13
C NMR (126 MHz, CDCl3) δ 137.9, 
136.5, 134.0, 130.3, 128.6, 128.0, 127.8, 126.5, 122.7, 119.9, 119.5, 110.7, -0.4. 




) 265.1287, found 265.1288. 
 
2,3-Di-n-propylindole (2-6c) 
Pale yellow oil. 
1
H NMR (300 MHz, CDCl3) δ 7.71 (s, 1H), 7.61 – 7.55 (m, 1H), 7.32 
– 7.27 (m, 1H), 7.19 – 7.08 (m, 2H), 2.79 – 2.67 (m, 4H), 1.80 – 1.63 (m, 4H), 1.02 
(td, J = 7.4, 5.3 Hz, 6H). 
13
C NMR (75 MHz, CDCl3) δ 135.2, 135.1, 128.8, 120.7, 
118.8, 118.3, 112.1, 110.2, 28.1, 26.2, 24.1, 23.1, 14.2, 14.0. HRMS (EI): calcd for 
C14H19N (M
+





H NMR (500 MHz, CDCl3) δ 7.94 (s, 1H), 7.71 (d, J = 7.9 Hz, 1H), 
7.55 (dd, J = 8.2, 1.3 Hz, 2H), 7.49 (t, J = 7.8 Hz, 2H), 7.37 – 7.26 (m, 2H), 7.22 – 
7.18 (m, 1H), 7.17 – 7.13 (m, 1H), 2.51 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 
135.4, 135.2, 131.4, 129.4, 128.5, 127.8, 125.8, 121.5, 119.9, 118.8, 114.4, 110.3, 
12.5. HRMS (EI): calcd for C15H13N (M
+
) 207.1048, found 207.1042. 
 
2-tert-Butyl-3-methylindole (2-6e) 
Pale yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 7.86 (s, 1H), 7.52 (d, J = 7.5 Hz, 1H), 
7.30 (d, J = 7.3 Hz, 1H), 7.11 (ddt, J = 8.1, 7.1, 3.5 Hz, 2H), 2.42 (s, 3H), 1.48 (s, 
9H). 
13
C NMR (126 MHz, CDCl3) δ 141.6, 133.7, 130.4, 120.9, 118.9, 117.7, 110.1, 
105.2, 32.7, 29.9, 10.2. HRMS (EI): calcd for C13H17N (M
+








H NMR (500 MHz, CDCl3) δ 7.70 (d, J = 8.3 Hz, 1H), 7.43 (t, J = 8.1 
Hz, 3H), 7.36 (dd, J = 14.6, 7.3 Hz, 4H), 7.22 (dd, J = 13.4, 5.9 Hz, 1H), 2.87 (s, 3H), 
0.05 (s, 9H). 
13
C NMR (126 MHz, CDCl3) δ 169.6, 138.5, 136.5, 136.3, 135.4, 133.2, 










H NMR (500 MHz, CDCl3) δ 7.76 (dd, J = 5.7, 3.3 Hz, 1H), 7.57 – 7.46 
(m, 1H), 7.24 (dd, J = 6.5, 2.9 Hz, 2H), 3.06 – 2.93 (m, 2H), 2.77 (s, 3H), 2.71 – 2.60 
(m, 2H), 1.70 – 1.54 (m, 4H), 0.99 (td, J = 7.3, 5.0 Hz, 6H). 13C NMR (126 MHz, 
CDCl3) δ 170.1, 138.2, 135.7, 130.9, 123.4, 122.6, 120.1, 118.8, 114.5, 29.0, 27.7, 
26.0, 23.6, 23.4, 14.3, 14.1. HRMS (EI): calcd for C16H21NO (M
+




Pale yellow solid. 
1
H NMR (500 MHz, CDCl3) δ 8.45 (d, J = 8.2 Hz, 1H), 7.54 (d, J = 
7.7 Hz, 1H), 7.52 – 7.48 (m, 2H), 7.46 (d, J = 7.4 Hz, 1H), 7.41 (dd, J = 8.3, 1.2 Hz, 
3H), 7.35 (d, J = 7.4 Hz, 1H), 2.16 (s, 3H), 1.98 (s, 3H). 
13
C NMR (126 MHz, CDCl3) 
δ 171.0, 136.8, 134.9, 133.6, 130.2, 128.7, 128.4, 125.3, 123.4, 118.6, 118.1, 116.3, 
27.6, 9.2. HRMS (EI): calcd for C17H15NO (M
+





H NMR (500 MHz, CDCl3) δ 10.98 (s, 1H), 8.95 (s, 1H), 8.33 (d, J = 
5.5 Hz, 1H), 7.53 – 7.49 (m, 2H), 7.47 – 7.43 (m, 2H), 7.42 – 7.35 (m, 3H), 7.34 – 
7.29 (m, 4H). 
13
C NMR (126 MHz, CDCl3) δ 142.5, 140.7, 140.1, 135.6, 134.0, 
132.0, 130.0, 128.7, 128.6, 128.5, 128.1, 126.7, 125.7, 114.1, 106.6. HRMS (EI): 
calcd for C19H14N2 (M
+






H NMR (500 MHz, CDCl3) δ 9.09 (s, 1H), 8.86 (s, 1H), 8.31 (d, J = 5.8 
Hz, 1H), 7.49 – 7.43 (m, 3H), 7.39 – 7.36 (m, 2H), 7.30 (d, J = 5.8 Hz, 1H), 0.24 (s, 
9H). 
13
C NMR (125 MHz, CDCl3) δ 143.1, 141.5, 141.2, 135.7, 135.2, 131.5, 130.2, 










H NMR (300 MHz, CDCl3) δ 9.79 (s, 1H), 8.83 (s, 1H), 8.21 (d, J = 5.5 
Hz, 1H), 7.20 (d, J = 5.6 Hz, 1H), 2.73 (dt, J = 7.6, 5.9 Hz, 4H), 1.79 – 1.61 (m, 4H), 
0.97 (td, J = 7.3, 2.4 Hz, 6H). 
13
C NMR (126 MHz, CDCl3) δ 140.9, 139.5, 139.4, 
136.9, 125.8, 111.6, 106.0, 28.0, 26.0, 24.3, 23.0, 14.1, 13.9. HRMS (EI): calcd for 
C13H18N2 (M
+





H NMR (300 MHz, CDCl3) δ 10.25 (s, 1H), 8.90 (s, 1H), 8.27 (s, 1H), 
7.67 – 7.58 (m, 2H), 7.47 (t, J = 7.5 Hz, 2H), 7.38 (d, J = 7.3 Hz, 1H), 7.29 (d, J = 5.4 
Hz, 1H), 2.51 (s, 3H). 
13
C NMR (75 MHz, CDCl3) δ 141.8, 140.5, 139.8, 135.4, 
132.5, 129.2, 128.8, 128.6, 128.0, 127.7, 107.9, 106.2, 9.5. HRMS (EI): calcd for 
C14H12N2 (M
+





H NMR (300 MHz, CDCl3) δ 9.20 (s, 1H), 8.81 (s, 1H), 8.22 (d, J = 5.5 
Hz, 1H), 7.17 (d, J = 5.6 Hz, 1H), 2.45 (s, 3H), 1.48 (s, 9H). 
13
C NMR (75 MHz, 
CDCl3) δ 143.0, 140.8, 139.8, 137.9, 127.3, 105.7, 104.9, 33.0, 30.0, 10.0. HRMS 
(EI): calcd for C12H16N2 (M
+








H NMR (500 MHz, CDCl3) δ 9.27 (s, 1H), 7.93 (dd, J = 6.1, 3.2 Hz, 
1H), 7.57 (dd, J = 6.6, 2.8 Hz, 1H), 7.52 – 7.45 (m, 2H), 7.31 – 7.20 (m, 5H), 7.14 
(dd, J = 7.6, 1.7 Hz, 2H), 7.12 – 7.05 (m, 3H). 13C NMR (125 MHz, CDCl3) δ 151.7, 
150.6, 140.7, 137.2, 135.9, 131.1, 130.5, 130.4, 130.2, 128.2, 127.6, 127.5, 127.3, 
127.3, 127.0, 126.8, 125.5. HRMS (EI): calcd for C21H15N (M
+






H NMR (500 MHz, CDCl3) δ 9.35 (s, 1H), 8.18 – 8.10 (m, 2H), 8.08 (s, 
1H), 8.00 (d, J = 8.2 Hz, 1H), 7.88 (d, J = 8.2 Hz, 1H), 7.77 – 7.67 (m, 1H), 7.59 (t, J 
= 7.5 Hz, 1H), 7.52 (t, J = 7.7 Hz, 2H), 7.42 (t, J = 7.4 Hz, 1H). 
13
C NMR (125 MHz, 
CDCl3) δ 152.4, 151.3, 139.6, 136.7, 130.5, 128.8, 128.5, 127.8, 127.6, 127.1, 127.0, 
126.9, 116.5. HRMS (EI): calcd for C15H11N (M
+





H NMR (500 MHz, CDCl3) δ 9.21 (s, 1H), 8.06 (d, J = 8.5 Hz, 1H), 
7.99 (d, J = 8.1 Hz, 1H), 7.80 – 7.72 (m, 1H), 7.65 – 7.56 (m, 3H), 7.49 (t, J = 7.6 Hz, 
2H), 7.41 (t, J = 7.4 Hz, 1H), 2.66 (s, 3H). 
13
C NMR (125 MHz, CDCl3) δ 151.8, 
150.1, 141.2, 136.1, 130.3, 129.8, 128.0, 128.0, 127.5, 127.2, 126.6, 124.0, 123.5, 
15.5. HRMS (EI): calcd for C16H13N (M
+





H NMR (500 MHz, CDCl3) δ 8.84 (s, 1H), 7.11 (s, 2H), 4.00 (s, 3H), 
3.97 (s, 3H), 2.94 – 2.84 (m, 4H), 1.80 – 1.71 (m, 2H), 1.65 (m, 2H), 1.06 (t, J = 7.4 
Hz, 3H), 1.01 (t, J = 7.3 Hz, 3H). 
13
C NMR (125 MHz, CDCl3) δ 152.4, 151.6, 148.9, 
147.4, 131.7, 126.8, 123.1, 105.6, 101.4, 55.8 (2), 37.2, 29.9, 23.7, 23.5, 14.6, 14.3. 
HRMS (EI): calcd for C17H23NO2 (M
+






H NMR (500 MHz, CDCl3) δ 8.97 (s, 1H), 7.55 (d, J = 7.1 Hz, 2H), 
7.44 (t, J = 7.6 Hz, 2H), 7.36 (t, J = 7.4 Hz, 1H), 7.20 (s, 1H), 7.17 (s, 1H), 4.03 (s, 
3H), 4.01 (s, 3H), 2.56 (s, 3H). 
13
C NMR (125 MHz, CDCl3) δ 152.8, 150.8, 149.7, 
147.5, 141.5, 132.6, 129.7, 127.9, 127.2, 123.3, 122.6, 105.7, 101.9, 55.9, 15.6. 
HRMS (EI): calcd for C18H17NO2 (M
+





H NMR (500 MHz, CDCl3) δ 9.01 (s, 1H), 7.58 – 7.51 (m, 2H), 7.49 – 
7.45 (m, 1H), 7.32 – 7.28 (m, 2H), 7.23 (s, 1H), 6.65 (s, 1H), 4.03 (s, 3H), 3.75 (s, 
3H), 2.46 (s, 3H). HRMS (EI): calcd for C18H17NO2 (M
+





H NMR (500 MHz, CDCl3) δ 8.32 (dd, J = 7.9, 1.3 Hz, 1H), 7.57 – 7.52    
(m, 1H), 7.46 – 7.41 (m, 1H), 7.35 – 7.30 (m, 3H), 7.27 – 7.23 (m, 2H), 7.19 – 7.16 
(m, 2H), 7.11 (tdd, J = 10.4, 5.2, 3.6 Hz, 4H). 
13
C NMR (126 MHz, CDCl3) δ 162.2, 
150.9, 138.8, 134.6, 134.3, 132.9, 131.2, 129.5, 129.2, 129.0, 128.9, 128.1, 128.1, 
127.8, 125.31, 120.4, 116.9. HRMS (EI): calcd for C21H14O2 (M
+






H NMR (300 MHz, CDCl3) δ 8.36 (ddd, J = 7.7, 1.5, 0.5 Hz, 1H), 7.63 
– 7.49 (m, 2H), 7.47 (dd, J = 4.1, 2.4 Hz, 3H), 7.28 (dd, J = 6.5, 3.1 Hz, 2H), 7.00 – 
6.90 (m, 1H), -0.00 (s, 9H). 
13
C NMR (126 MHz, CDCl3) δ 163.4, 160.7, 137.6, 
134.5, 134.2, 131.3, 129.2, 128.9, 128.5, 128.5, 128.4, 124.9, 121.2, -1.4. HRMS 












H NMR (500 MHz, CDCl3) δ 8.32 (d, J = 7.9 Hz, 1H), 7.72 (t, J = 7.6 
Hz, 1H), 7.52 (d, J = 8.1 Hz, 1H), 7.46 (t, J = 7.6 Hz, 1H), 2.62 – 2.54 (m, 4H), 1.80 
– 1.69 (m, 2H), 1.61 (dt, J = 15.5, 7.6 Hz, 2H), 1.02 (dt, J = 19.1, 7.4 Hz, 6H). 13C 
NMR (126 MHz, CDCl3) δ 162.9, 154.2, 138.0, 134.5, 129.9, 127.0, 122.6, 120.9, 
112.2, 32.7, 28.2, 22.9, 21.2, 14.1, 13.8. HRMS (EI): calcd for C15H18O2 (M
+
) 





H NMR (500 MHz, CDCl3) δ 8.39 (dd, J = 7.9, 1.3 Hz, 1H), 7.86 – 
7.77 (m, 1H), 7.65 (d, J = 8.0 Hz, 1H), 7.60 (dd, J = 8.0, 1.6 Hz, 2H), 7.56 (t, J = 7.6 
Hz, 1H), 7.49 – 7.43 (m, 3H), 2.32 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 162.5, 
151.2, 138.8, 134.7, 133.3, 129.7, 129.5, 129.3, 128.2, 127.9, 123.3, 120.8, 109.1, 
13.6. HRMS (EI): calcd for C16H12O2 (M
+





H NMR (500 MHz, CDCl3) δ 8.33 – 8.27 (m, 1H), 7.77 – 7.69 (m, 1H), 
7.57 (d, J = 8.2 Hz, 1H), 7.46 (dd, J = 11.1, 4.0 Hz, 1H), 2.34 (s, 3H), 1.45 (s, 9H). 
13
C NMR (126 MHz, CDCl3) δ 162.6, 159.4, 139.9, 134.42, 129.3, 127.1, 122.5, 
120.3, 107.4, 37.2, 29.7, 13.1. HRMS (EI): calcd for C14H16O2 (M
+






H NMR (500 MHz, CDCl3) δ 7.37 (t, J = 7.3 Hz, 2H), 7.34 – 7.27 (m, 
5H), 7.24 (d, J = 4.0 Hz, 2H), 7.19 – 7.14 (m, 4H), 6.93 (d, J = 7.8 Hz, 1H), 1.83 (s, 
6H).
 13
C NMR (125 MHz, CDCl3) δ 148.1, 137.1, 136.3, 136.0, 132.0, 131.7, 128.8, 
128.5, 127.7, 127.4, 127.2, 126.9, 126.9, 123.6, 122.2, 115.7, 77.7, 27.1. HRMS (EI): 
calcd for C23H20O (M
+






H NMR (300 MHz, CDCl3) δ 7.43 – 7.32 (m, 3H), 7.29 – 7.24 (m, 2H), 
7.20 – 7.04 (m, 3H), 6.64 (dd, J = 7.6, 0.6 Hz, 1H), 1.66 (s, 6H), -0.12 (s, 9H). 13C 
NMR (75 MHz, CDCl3) δ 156.2, 137.4, 136.7, 131.7, 130.7, 128.2, 128.1, 127.3, 










H NMR (500 MHz, CDCl3) δ 7.22 (t, J = 7.5 Hz, 1H), 7.18 – 7.11 (m, 
2H), 7.07 (d, J = 6.5 Hz, 1H), 2.12 (s, 3H), 1.53 (s, 6H), 1.27 (s, 9H). 
13
C NMR (125 
MHz, CDCl3) δ 155.8, 136.9, 134.2, 127.0, 125.6, 121.5, 120.9, 104.0, 75.6, 36.3, 
29.0, 26.1, 13.7. HRMS (EI): calcd for C16H22O (M
+





H NMR (500 MHz, CDCl3) δ 7.36 (ddd, J = 14.5, 7.7, 3.6 Hz, 3H), 
7.28 (dd, J = 6.6, 5.0 Hz, 4H), 7.22 – 7.15 (m, 6H), 6.89 – 6.86 (m, 1H), 5.32 (s, 2H). 
13
C NMR (125 MHz, CDCl3) δ 151.2, 136.8, 135.3, 133.7, 131.6, 129.0, 128.6, 128.1, 
128.0, 127.9, 127.5, 127.0, 126.6, 123.6, 123.0, 117.0, 68.7. HRMS (EI): calcd for 
C21H16O (M
+





H NMR (500 MHz, CDCl3) δ 7.43 – 7.35 (m, 3H), 7.31 – 7.25 (m, 2H), 
7.15 (dt, J = 19.3, 7.4 Hz, 2H), 7.07 (d, J = 7.0 Hz, 1H), 6.67 (d, J = 7.5 Hz, 1H), 5.00 
(s, 2H), -0.11 (s, 9H). 
13
C NMR (125 MHz, CDCl3) δ 159.5, 136.9, 132.3, 131.7, 













H NMR (500 MHz, CDCl3) δ 7.27 (dd, J = 11.3, 3.8 Hz, 2H, CDCl3 
overlap), 7.20 – 7.10 (m, 2H), 7.03 (d, J = 7.3 Hz, 1H), 4.80 (s, 2H), 2.15 (s, 3H), 
1.30 (s, 9H). 
13
C NMR (125 MHz, CDCl3) δ 159.9, 135.8, 129.1, 127.8, 125.3, 123.0, 








H NMR (500 MHz, CDCl3) δ 7.47 – 7.41 (m, 1H), 7.38 (dd, J = 6.8, 1.7 
Hz, 1H), 7.23 – 7.17 (m, 2H), 2.32 (s, 3H), 1.45 (s, 9H). 13C NMR (125 MHz, CDCl3) 
δ 159.8, 152.8, 131.5, 123.0, 121.7, 118.4, 110.4, 107.3, 34.3, 29.5, 9.0. HRMS (EI): 
calcd for C13H16O (M
+
) 188.1201, found 188.1206. 
 
Methyl 2-benzoylbenzoate (2-11a) 
White solid. 
1
H NMR (500 MHz, CDCl3) δ 8.04 (dd, J = 7.8, 0.9 Hz, 1H), 7.76 – 7.73 
(m, 2H), 7.63 (td, J = 7.5, 1.2 Hz, 1H), 7.58 – 7.52 (m, 2H), 7.44 – 7.39 (m, 3H), 3.60 
(s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 197.0, 166.3, 141.6, 137.1, 133.0, 132.3, 
130.0, 129.6, 129.2, 129.1, 128.4, 127.7, 52.1. HRMS (EI): calcd for C15H12O3 (M
+
) 
240.0786, found 240.0779. 
 
Methyl 2-(4-chlorobenzoyl)benzoate (2-11b)  
Colourless solid. 
1
H NMR (500 MHz, CDCl3) δ 8.04 (d, J = 7.8 Hz, 1H), 7.68 (d, J = 
8.6 Hz, 2H), 7.63 (td, J = 7.5, 1.2 Hz, 1H), 7.56 (td, J = 7.7, 1.3 Hz, 1H), 7.38 (dd, J = 
11.1, 4.4 Hz, 3H), 3.64 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 195.7, 166.1, 141.2, 










Methyl 2-(3-ethoxybenzoyl)benzoate (2-11c)  
White solid.
 1
H NMR (500 MHz, CDCl3) δ 8.02 (d, J = 7.8 Hz, 1H), 7.61 (t, J = 7.5 
Hz, 1H), 7.54 (td, J = 7.7, 1.2 Hz, 1H), 7.40 – 7.35 (m, 2H), 7.28 (d, J = 7.8 Hz, 1H), 
7.18 (d, J = 7.7 Hz, 1H), 7.06 (dd, J = 8.2, 2.6 Hz, 1H), 4.04 (q, J = 7.0 Hz, 2H), 3.61 
(s, 3H), 1.39 (t, J = 7.0 Hz, 3H). 
13
C NMR (126 MHz, CDCl3) δ 196.7, 166.3, 159.0, 
141.6, 138.4, 132.3, 130.0, 129.5, 129.4, 129.2, 127.7, 122.1, 120.0, 113.7, 63.6, 52.1, 
14.6. HRMS (EI): calcd for C17H16O4 (M
+
) 284.1049, found 284.1049. 
 
Methyl 2-(4-methylbenzoyl)benzoate (2-11d)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 8.02 (d, J = 7.7 Hz, 1H), 7.64 (d, J = 8.1 
Hz, 2H), 7.61 (td, J = 7.6, 1.1 Hz, 1H), 7.54 (t, J = 7.6 Hz, 1H), 7.38 (d, J = 7.5 Hz, 
1H), 7.21 (d, J = 8.1 Hz, 2H), 3.60 (s, 3H), 2.38 (s, 3H). 
13
C NMR (126 MHz, CDCl3) 
δ 196.6, 166.3, 143.8, 141.8, 134.6, 132.2, 129.9, 129.4, 129.3, 129.1, 129.1, 127.6, 
52.0, 21.5. HRMS (EI): calcd for C16H14O3 (M
+
) 254.0943, found 254.0940. 
 
Naphthalen-1-yl(phenyl)methanone (2-11e)  
White solid.
 1
H NMR (500 MHz, CDCl3) δ 8.10 (d, J = 8.5 Hz, 1H), 8.01 (d, J = 8.4 
Hz, 1H), 7.94 – 7.91 (m, 1H), 7.88 (dd, J = 8.3, 1.3 Hz, 2H), 7.61 – 7.58 (m, 2H), 
7.56 – 7.50 (m, 3H), 7.48 – 7.44 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 198.0, 
138.2, 136.4, 133.7, 133.2, 131.2, 131.0, 130.4, 128.4, 128.4, 127.7, 127.2, 126.5, 
125.9, 124.3. HRMS (EI): calcd for C17H12O (M
+
) 232.0888, found 232.0881. 
 
(4-Chlorophenyl)(phenyl)methanone (2-11f)  
White solid.
 1
H NMR (500 MHz, CDCl3) δ 7.82 – 7.73 (m, 4H), 7.60 (t, J = 7.4 Hz, 
1H), 7.51 – 7.44 (m, 4H). 13C NMR (126 MHz, CDCl3) δ 195.4, 138.8, 137.2, 135.8, 









Phenyl(p-tolyl)methanone (2-11g)  
Yellow solid.
 1
H NMR (500 MHz, CDCl3) δ 7.79 (d, J = 7.9 Hz, 2H), 7.73 (d, J = 8.1 
Hz, 2H), 7.57 (t, J = 7.5 Hz, 1H), 7.50 – 7.45 (m, 2H), 7.28 (d, J = 8.0 Hz, 2H), 2.44 
(s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 196.4, 143.2, 137.9, 134.9, 132.1, 130.3, 
129.9, 128.9, 128.2, 21.6. HRMS (EI): calcd for C14H12O (M
+
) 196.0888, found 
196.0883. 
 
(2-Fluorophenyl)(phenyl)methanone (2-11h)  
Yellow oil.
 1
H NMR (500 MHz, CDCl3) δ 7.84 (d, J = 8.4 Hz, 2H), 7.61 – 7.50 (m, 
3H), 7.47 (t, J = 7.8 Hz, 2H), 7.26 (td, J = 7.5, 1.0 Hz, 1H), 7.16 (t, J = 9.1 Hz, 1H). 
13
C NMR (126 MHz, CDCl3) δ 193.4, 160.0 (d, J = 253 Hz), 137.4, 133.3, 133.0 (d, J 
= 8.3 Hz), 130.7 (d, J = 2.8 Hz), 129.7, 128.4, 127.0 (d, J = 14.7 Hz), 124.2 (d, J = 
3.7 Hz), 116.2 (d, J = 22 Hz). HRMS (EI): calcd for C13H9OF (M
+
) 200.0637, found 
200.0632. 
 
(4-Aminophenyl)(phenyl)methanone (2-11i)  
White solid.
 1
H NMR (500 MHz, CDCl3) δ 7.71 (dd, J = 5.1, 3.6 Hz, 4H), 7.55 – 7.48 
(m, 1H), 7.45 (t, J = 7.4 Hz, 2H), 6.67 (d, J = 8.6 Hz, 2H), 4.16 (s, 2H). 
13
C NMR 
(126 MHz, CDCl3) δ 195.3, 150.9, 138.9, 132.9, 131.4, 129.5, 128.0, 127.4, 113.6. 
HRMS (EI): calcd for C13H11ON (M
+
) 197.0841, found 197.0837. 
 
(2-Hydroxyphenyl)(phenyl)methanone (2-11j)  
Colourless solid.
 1
H NMR (500 MHz, CDCl3) δ 12.02 (s, 1H), 7.68 (d, J = 7.2 Hz, 
2H), 7.61 – 7.58 (m, 2H), 7.51 (t, J = 7.7 Hz, 3H), 7.08 (d, J = 8.4 Hz, 1H), 6.89 (d, J 
= 8.0 Hz, 1H). 
13
C NMR (126 MHz, CDCl3) δ 201.6, 163.2, 137.9, 136.3, 133.6, 
131.9, 129.2, 128.3, 119.2, 118.6, 118.4. HRMS (EI): calcd for C13H10O2 (M
+
) 




(2-Aminophenyl)(phenyl)methanone (2-11k)  
Brown solid.
 1
H NMR (500 MHz, CDCl3) δ 7.65 (dd, J = 8.2, 1.3 Hz, 2H), 7.54 – 
7.50 (m, 1H), 7.46 (ddd, J = 7.1, 3.4, 1.4 Hz, 3H), 7.29 (ddd, J = 8.5, 7.1, 1.6 Hz, 
1H), 6.73 (dd, J = 8.3, 0.9 Hz, 1H), 6.60 (ddd, J = 8.1, 7.2, 1.1 Hz, 1H), 6.07 (s, 2H). 
13
C NMR (126 MHz, CDCl3) δ 199.0, 150.9, 140.1, 134.5, 134.2, 131.0, 129.0, 128.0, 
118.1, 116.9, 115.4. HRMS (EI): calcd for C13H11ON (M
+
) 197.0841, found 
197.0839. 
 
Ethyl 2-(2-benzoylphenyl)acetate (2-11l)  
Yellow oil.
 1
H NMR (500 MHz, CDCl3) δ 7.82 (d, J = 8.3 Hz, 2H), 7.57 (t, J = 7.4 
Hz, 1H), 7.46 (q, J = 7.8 Hz, 3H), 7.40 – 7.31 (m, 3H), 4.02 (q, J = 7.2 Hz, 2H), 3.88 
(s, 2H), 1.11 (t, J = 7.1 Hz, 3H). 
13
C NMR (126 MHz, CDCl3) δ 198.0, 171.2, 138.3, 
137.8, 134.0, 132.9, 131.7, 130.8, 130.3, 129.9, 128.2, 126.4, 60.8, 38.9, 14.0. HRMS 
(EI): calcd for C17H16O3 (M
+
) 268.1099, found 268.1093. 
 
(4-Methoxyphenyl)(thiophen-2-yl)methanone (2-11m)  
White solid.
 1
H NMR (500 MHz, CDCl3) δ 7.92 – 7.89 (m, 2H), 7.69 (d, J = 0.9 Hz, 
1H), 7.65 – 7.64 (m, 1H), 7.16 (d, J = 4.0 Hz, 1H), 6.99 – 6.96 (m, 2H), 3.89 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 186.8, 163.1, 143.8, 134.0, 133.4, 131.6, 130.7, 127.7, 




) 218.0402, found 218.0396. 
 
Pyridin-3-yl(p-tolyl)methanone (2-11n)  
White solid.
 1
H NMR (500 MHz, CDCl3) δ 8.82 (d, J = 1.9 Hz, 1H), 8.59 (dd, J = 5.4, 
1.4 Hz, 1H), 7.90 (dd, J = 4.7, 3.2 Hz, 1H), 7.43 – 7.41 (m, 2H), 7.36 – 7.32 (m, 3H), 
2.44 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 204.4, 153.0, 152.8, 139.3, 138.4, 135.5, 







Anthracen-9-yl(phenyl)methanone (2-11o)  
Yellow solid.
 1
H NMR (500 MHz, CDCl3) δ 8.57 (s, 1H), 8.07 (d, J = 8.5 Hz, 2H), 
7.83 (d, J = 7.5 Hz, 2H), 7.73 (d, J = 8.7 Hz, 2H), 7.58 (t, J = 7.4 Hz, 1H), 7.50 – 7.45 
(m, 2H), 7.40 (dd, J = 15.0, 7.4 Hz, 4H). 
13
C NMR (126 MHz, CDCl3) δ 200.2, 138.2, 
134.0, 133.9, 131.0, 130.1, 128.8, 128.6, 128.4, 128.3, 126.5, 125.5, 125.3. HRMS 
(EI): calcd for C21H14O (M
+
) 282.1045, found 282.1040. 
 
2-(Naphthalen-2-yl)-1-phenylethanone (2-11p)  
White solid.
 1
H NMR (500 MHz, CDCl3) δ 8.06 (d, J = 7.4 Hz, 2H), 7.84 – 7.78 (m, 
3H), 7.73 (s, 1H), 7.56 (t, J = 7.4 Hz, 1H), 7.46 (dd, J = 9.4, 5.7 Hz, 4H), 7.41 (dd, J 
= 8.4, 1.7 Hz, 1H), 4.45 (s, 2H). 
13
C NMR (126 MHz, CDCl3) δ 197.6, 136.6, 133.6, 
133.2, 132.4, 132.1, 128.6, 128.3, 128.1, 127.7, 127.6, 127.6, 126.1, 125.7, 45.7. 
HRMS (EI): calcd for C18H14O (M
+
) 246.1045, found 246.1038. 
 
(5-Chloro-2-methoxyphenyl)(3,5-difluorophenyl)methanone (2-11q)  
White solid.
 1
H NMR (500 MHz, CDCl3) δ 7.45 (dd, J = 8.9, 2.7 Hz, 1H), 7.34 (d, J = 
2.7 Hz, 1H), 7.30 – 7.27 (m, 2H), 7.01 (tt, J = 8.4, 2.4 Hz, 1H), 6.94 (d, J = 8.9 Hz, 
1H), 3.72 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 192.4, 162.8 (dd, J = 11.3, 251 Hz), 
155.9, 140.4, 132.3, 129.3, 128.8, 126.0, 112.9, 112.4 (dd, J = 6.3, 20.1 Hz), 108.4 (t, 




) 282.0259, found 
282.0251. 
 
Ethyl benzoate (2-13a)  
Colourless liquid. 
1
H NMR (300 MHz, CDCl3) δ 8.04 (d, J = 7.1 Hz, 2H), 7.53 (t, J = 
7.3 Hz, 1H), 7.41 (t, J = 7.5 Hz, 2H), 4.37 (q, J = 7.1 Hz, 2H), 1.38 (t, J = 7.1 Hz, 
3H). 
13
C NMR (75 MHz, CDCl3) δ 166.5, 132.7, 130.4, 129.4, 128.2, 60.8, 14.2. 
HRMS (EI): calcd for C9H10O2 (M
+




Ethyl methyl phthalate (2-13b) 
Colourless liquid. 
1
H NMR (500 MHz, CDCl3) δ 7.77 – 7.68 (m, 2H), 7.53 (dd, J = 
5.7, 3.3 Hz, 2H), 4.37 (q, J = 7.1 Hz, 2H), 3.90 (s, 3H), 1.37 (t, J = 7.1 Hz, 3H). 
13
C 
NMR (126 MHz, CDCl3) δ 168.1, 167.5, 132.1, 132.0, 131.0, 128.9, 128.8, 61.7, 
52.5, 14.1. HRMS (EI): calcd for C11H12O4 (M
+
) 208.0736, found 208.0738. 
 
Benzyl 1-naphthoate (2-13c)  
Yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 9.01 (d, J = 8.6 Hz, 1H), 8.27 (dd, J = 7.3, 
1.2 Hz, 1H), 8.03 (d, J = 8.2 Hz, 1H), 7.90 (d, J = 8.2 Hz, 1H), 7.64 (ddd, J = 8.5, 6.9, 
1.4 Hz, 1H), 7.57 – 7.50 (m, 4H), 7.46 – 7.41 (m, 2H), 7.40 – 7.38 (m, 1H), 5.50 (s, 
2H). 
13
C NMR (126 MHz, CDCl3) δ 167.2, 136.1, 133.8, 133.4, 131.4, 130.3, 128.9, 
128.6, 128.5, 128.2, 127.8, 126.9, 126.2, 125.8, 124.4, 66.7. HRMS (EI): calcd for 
C18H14O2 (M
+
) 262.0994, found 262.0986. 
 
Butyl 1-naphthoate (2-13d)  
Pale orange oil. 
1
H NMR (500 MHz, CDCl3) δ 8.93 (d, J = 8.7 Hz, 1H), 8.19 (d, J = 
7.2 Hz, 1H), 8.01 (d, J = 8.1 Hz, 1H), 7.88 (d, J = 8.2 Hz, 1H), 7.65 – 7.60 (m, 1H), 
7.56 – 7.47 (m, 2H), 4.44 (td, J = 6.6, 0.7 Hz, 2H), 1.87 – 1.78 (m, 2H), 1.57 – 1.53 
(m, 2H), 1.02 (td, J = 7.4, 0.8 Hz, 3H). 
13
C NMR (126 MHz, CDCl3) δ 167.7, 133.8, 
133.1, 131.3, 130.0, 128.5, 127.6, 127.5, 126.1, 125.8, 124.5, 64.9, 30.8, 19.3, 13.7. 
HRMS (EI): calcd for C15H16O2 (M
+
) 228.1150, found 228.1149. 
 
Benzyl benzoate (2-13e)  
Pale yellow liquid. 
1
H NMR (500 MHz, CDCl3) δ 8.13 (d, J = 7.4 Hz, 2H), 7.58 (t, J 
= 7.4 Hz, 1H), 7.43 (ddt, J = 20.4, 13.9, 7.3 Hz, 7H), 5.41 (s, 2H). 
13
C NMR (126 
MHz, CDCl3) δ 166.3, 136.0, 132.9, 130.0, 129.6, 128.5, 128.3, 128.1, 128.1, 66.6. 
HRMS (EI): calcd for C14H12O2 (M
+




Butyl benzoate (2-13f)  
Colourless liquid. 
1
H NMR (500 MHz, CDCl3) δ 8.05 (d, J = 7.1 Hz, 2H), 7.54 (t, J = 
7.4 Hz, 1H), 7.43 (t, J = 7.7 Hz, 2H), 4.33 (t, J = 6.6 Hz, 2H), 1.79 – 1.72 (m, 2H), 
1.52 – 1.44 (m, 2H), 0.98 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 166.6, 
132.7, 130.5, 129.5, 128.2, 64.7, 30.7, 19.2, 13.7. HRMS (EI): calcd for C11H14O2 
(M
+
) 178.0994, found 178.0986. 
 
Isopropyl benzoate (2-13g)  
Colourless liquid. 
1
H NMR (500 MHz, CDCl3) δ 8.05 (d, J = 7.1 Hz, 2H), 7.53 (t, J = 
7.4 Hz, 1H), 7.42 (t, J = 7.7 Hz, 2H), 5.27 (dq, J = 12.5, 6.3 Hz, 1H), 1.37 (d, J = 6.3 
Hz, 6H). 
13
C NMR (126 MHz, CDCl3) δ 166.0, 132.6, 130.8, 129.4, 128.2, 68.2, 21.9. 
HRMS (EI): calcd for C10H12O2 (M
+






H NMR (500 MHz, CDCl3) δ 8.00 (d, J = 7.2 Hz, 2H), 7.52 (t, J = 7.4 
Hz, 1H), 7.41 (t, J = 7.8 Hz, 2H), 1.60 (s, 9H). 
13
C NMR (126 MHz, CDCl3) δ 165.7, 
132.4, 132.0, 129.4, 128.1, 80.9, 28.2. HRMS (EI): calcd for C11H14O2 (M
+
) 
178.0994, found 178.0992. 
 
Phenyl benzoate (2-13i)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 8.29 (s, 2H), 7.69 (t, J = 7.4 Hz, 1H), 7.57 
(t, J = 7.7 Hz, 2H), 7.49 (t, J = 7.8 Hz, 2H), 7.33 (t, J = 7.4 Hz, 1H), 7.29 (d, J = 8.4 
Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 165.1, 150.9, 133.5, 130.1, 129.5, 129.4, 
128.5, 125.8, 121.6. HRMS (EI): calcd for C13H10O2 (M
+
) 198.0681, found 198.0674. 
 
Ethyl 4-acetylbenzoate (2-13j)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 8.11 (d, J = 8.4 Hz, 2H), 7.98 (d, J = 8.4 





(126 MHz, CDCl3) δ 197.5, 165.7, 140.1, 134.2, 129.7, 128.1, 61.4, 26.8, 14.2. 
HRMS (EI): calcd for C11H12O3 (M
+




Pale yellow solid. 
1
H NMR (500 MHz, CDCl3) δ 7.84 (d, J = 8.7 Hz, 2H), 6.62 (d, J = 
8.7 Hz, 2H), 4.30 (q, J = 7.1 Hz, 2H), 1.35 (t, J = 7.2 Hz, 3H). 
13
C NMR (126 MHz, 
CDCl3) δ 166.7, 150.8, 131.4, 119.8, 113.7, 60.2, 14.3. HRMS (EI): calcd for 
C9H9O4N (M
+
) 195.0532, found 195.0530. 
 
Ethyl 4-cyanobenzoate (2-13l)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 8.14 (d, J = 8.2 Hz, 2H), 7.74 (d, J = 8.2 
Hz, 2H), 4.45 – 4.39 (m, 2H), 1.40 (d, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) 
δ 164.9, 134.3, 132.2, 130.0, 118.0, 116.3, 61.8, 14.2. HRMS (EI): calcd for 
C10H9O2N (M
+
) 175.0633, found 175.0629. 
 
Ethyl thiophene-2-carboxylate (2-13m)  
Yellow liquid. 
1
H NMR (500 MHz, CDCl3) δ 7.79 (dd, J = 3.7, 1.2 Hz, 1H), 7.53 (dd, 
J = 5.0, 1.2 Hz, 1H), 7.08 (dd, J = 4.9, 3.8 Hz, 1H), 4.34 (q, J = 7.1 Hz, 2H), 1.37 (t, J 
= 7.1 Hz, 3H). 
13
C NMR (126 MHz, CDCl3) δ 162.2, 134.1, 133.2, 132.1, 127.6, 61.1, 




) 156.0245, found 156.0246. 
 
Ethyl nicotinate (2-13n)  
Pale yellow liquid. 
1
H NMR (500 MHz, CDCl3) δ 9.19 (d, J = 1.7 Hz, 1H), 8.73 (dd, 
J = 4.8, 1.7 Hz, 1H), 8.26 (dt, J = 7.9, 1.9 Hz, 1H), 7.35 (dd, J = 7.9, 4.9 Hz, 1H), 
4.38 (q, J = 7.1 Hz, 2H), 1.37 (t, J = 7.1 Hz, 3H).
 13
C NMR (126 MHz, CDCl3) δ 
165.2, 153.2, 150.8, 136.9, 126.3, 123.2, 61.3, 14.2. HRMS (EI): calcd for C8H9O2N 
(M
+




Ethyl 4-methoxybenzoate (2-13o)  
Colourless liquid. 
1
H NMR (500 MHz, CDCl3) δ 8.00 (d, J = 9.0 Hz, 2H), 6.91 (d, J = 
9.0 Hz, 2H), 4.35 (q, J = 7.1 Hz, 2H), 3.86 (s, 3H), 1.38 (t, J = 7.1 Hz, 3H). 
13
C NMR 
(126 MHz, CDCl3) δ 166.4, 163.2, 131.5, 123.0, 113.5, 60.6, 55.4, 14.4. HRMS (EI): 
calcd for C10H12O3 (M
+
) 180.0786, found 180.0782. 
 
Butyl 4-methoxybenzoate (2-13p)  
Yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 8.00 (d, J = 8.9 Hz, 2H), 6.91 (d, J = 8.8 
Hz, 2H), 4.29 (t, J = 6.6 Hz, 2H), 3.86 (s, 3H), 1.77 – 1.71 (m, 2H), 1.47 (dq, J = 
14.8, 7.4 Hz, 2H), 0.98 (t, J = 7.4 Hz, 3H). 
13
C NMR (126 MHz, CDCl3) δ 166.5, 
163.2, 131.5, 123.0, 113.5, 64.5, 55.4, 30.8, 19.3, 13.8. HRMS (EI): calcd for 
C12H16O3 (M
+
) 208.1099, found 208.1097. 
 
Ethyl 2-(naphthalen-2-yl)acetate (2-13q)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 7.82 (dt, J = 6.4, 4.3 Hz, 3H), 7.74 (s, 
1H), 7.48 – 7.42 (m, 3H), 4.19 – 4.15 (m, 2H), 3.78 (s, 2H), 1.27 (t, J = 7.1 Hz, 3H). 
13
C NMR (126 MHz, CDCl3) δ 171.5, 133.4, 132.4, 131.6, 128.1, 127.9, 127.6, 127.6, 





Benzyl 2-(naphthalen-2-yl)acetate (2-13r)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 7.87 – 7.81 (m, 3H), 7.77 (s, 1H), 7.52 – 
7.48 (m, 2H), 7.46 (dd, J = 8.5, 1.5 Hz, 1H), 7.36 (s, 5H), 5.20 (s, 2H), 3.87 (s, 2H). 
13
C NMR (126 MHz, CDCl3) δ 171.3, 135.8, 133.5, 132.5, 131.4, 128.5, 128.2, 128.2, 
128.0, 127.7, 127.6, 127.4, 126.1, 125.8, 123.5, 66.7, 41.5. HRMS (EI): calcd for 
C19H16O2 (M
+





Butyl 4-(trifluoromethyl)benzoate (2-13s)  
Colourless oil. 
1
H NMR (500 MHz, CDCl3) δ 8.15 (d, J = 8.4 Hz, 2H), 7.70 (d, J = 
8.3 Hz, 2H), 4.36 (t, J = 6.6 Hz, 2H), 1.80 – 1.74 (m, 2H), 1.48 (dq, J = 14.8, 7.4 Hz, 
2H), 0.99 (t, J = 7.4 Hz, 3H). 
13
C NMR (126 MHz, CDCl3) δ 165.5, 134.3 (d, J = 33.0 
Hz), 133.8, 129.9, 125.4 (q, J = 3.7 Hz), 123.7 (d, J = 274 Hz), 65.4, 30.7, 19.2, 13.7. 
HRMS (EI): calcd for C12H13F3O2 (M
+
) 246.0868, found 246.0870. 
 
Nicotinic acid (2-13t)  
White solid. 
1H NMR (500 MHz, DMSO) δ 13.41 (s, 1H), 9.07 (dd, J = 2.1, 0.6 Hz, 
1H), 8.76 (dd, J = 4.8, 1.7 Hz, 1H), 8.25 (dt, J = 7.9, 2.0 Hz, 1H), 7.51 (ddd, J = 7.9, 
4.9, 0.7 Hz, 1H). 
13C NMR (126 MHz, DMSO) δ 166.4, 153.3, 150.3, 137.1, 126.7, 
123.8. HRMS (EI): calcd for C6H5O2N (M
+
) 123.0320, found 123.0321. 
 
Ethyl 4-aminobenzoate (2-13u)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 7.84 (d, J = 8.7 Hz, 2H), 6.62 (d, J = 8.7 
Hz, 2H), 4.32 – 4.27 (m, 2H), 3.94 (s, 2H), 1.34 (t, J = 7.1 Hz, 3H). 13C NMR (126 
MHz, CDCl3) δ 166.7, 150.8, 131.4, 119.8, 113.7, 60.2, 14.3. HRMS (EI): calcd for 
C9H11O2N (M
+
) 165.0790, found 165.0790. 
 
Butyl 4-aminobenzoate (2-13v)  
Off-white solid. 
1
H NMR (500 MHz, CDCl3) δ 7.85 (d, J = 8.7 Hz, 2H), 6.64 (d, J = 
8.7 Hz, 2H), 4.26 (t, J = 6.6 Hz, 2H), 3.89 (s, 2H), 1.75 – 1.68 (m, 2H), 1.50 – 1.42 
(m, 2H), 0.97 (t, J = 7.4 Hz, 3H). 
13
C NMR (126 MHz, CDCl3) δ 166.7, 150.5, 131.5, 









N-Butyl-1-naphthamide (2-15a)  
Colourless solid. 
1
H NMR (500 MHz, CDCl3) δ 8.23 (dd, J = 5.9, 3.7 Hz, 1H), 7.87 – 
7.79 (m, 2H), 7.48 (ddd, J = 6.0, 5.0, 1.6 Hz, 3H), 7.36 (dd, J = 8.2, 7.1 Hz, 1H), 6.26 
(s, 1H), 3.42 (dd, J = 13.1, 7.1 Hz, 2H), 1.55 (dt, J = 14.9, 7.5 Hz, 2H), 1.38 (dq, J = 
14.6, 7.3 Hz, 2H), 0.94 (t, J = 7.4 Hz, 3H). 
13
C NMR (126 MHz, CDCl3) δ 169.5, 
134.7, 133.5, 130.2, 130.0, 128.1, 126.8, 126.2, 125.3, 124.6, 124.6, 39.6, 31.6, 20.0, 
13.7. HRMS (EI): calcd for C15H17ON (M
+
) 227.1310, found 227.1306. 
 
N-Cyclohexyl-1-naphthamide (2-15b)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 8.27 (d, J = 8.3 Hz, 1H), 7.87 (dd, J = 
15.1, 7.8 Hz, 2H), 7.58 – 7.49 (m, 3H), 7.43 (dd, J = 8.1, 7.1 Hz, 1H), 5.92 (d, J = 6.8 
Hz, 1H), 4.08 (tdt, J = 12.2, 8.2, 3.9 Hz, 1H), 2.14 – 2.07 (m, 2H), 1.79 – 1.75 (m, 
2H), 1.70 – 1.63 (m, 1H), 1.51 – 1.41 (m, 2H), 1.30 – 1.17 (m, 3H). 13C NMR (126 
MHz, CDCl3) δ 168.7, 135.0, 133.6, 130.3, 130.0, 128.2, 127.0, 126.3, 125.3, 124.7, 
124.7, 48.7, 33.2, 25.5, 24.9. HRMS (EI): calcd for C17H19ON (M
+






H NMR (500 MHz, CDCl3) δ 8.30 (dd, J = 7.0, 2.7 Hz, 1H), 7.89 – 7.82 
(m, 2H), 7.51 (ddd, J = 6.5, 5.9, 4.9 Hz, 3H), 7.35 (dd, J = 9.3, 6.3 Hz, 5H), 7.30 (dd, 
J = 8.8, 4.3 Hz, 1H), 6.59 (s, 1H), 4.63 (d, J = 5.8 Hz, 2H). 
13
C NMR (126 MHz, 
CDCl3) δ 169.3, 138.1, 134.1, 133.5, 130.5, 130.0, 128.6, 128.2, 127.7, 127.4, 127.0, 





Naphthalen-1-yl(pyrrolidin-1-yl)methanone (2-15d)  
Yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 7.87 – 7.82 (m, 3H), 7.52 – 7.42 (m, 4H), 





C NMR (126 MHz, CDCl3) δ 169.1, 135.7, 133.4, 129.0, 128.9, 128.3, 126.8, 
126.1, 125.1, 124.7, 123.6, 48.4, 45.5, 25.9, 24.5. HRMS (EI): calcd for C15H15ON 
(M
+
) 225.1154, found 225.1147. 
 
Methyl 2-(1-naphthamido)acetate (2-15e)  
Beige solid. 
1
H NMR (500 MHz, CDCl3) δ 8.32 (d, J = 8.3 Hz, 1H), 7.89 (d, J = 8.2 
Hz, 1H), 7.85 – 7.82 (m, 1H), 7.61 (d, J = 7.0 Hz, 1H), 7.55 – 7.47 (m, 2H), 7.40 (dd, 
J = 8.2, 7.1 Hz, 1H), 6.70 (s, 1H), 4.23 (d, J = 5.4 Hz, 2H), 3.76 (s, 3H). 
13
C NMR 
(126 MHz, CDCl3) δ 170.3, 169.6, 133.5, 133.4, 130.8, 130.0, 128.2, 127.1, 126.3, 





N-Phenyl-1-naphthamide (2-15f)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 8.36 – 8.30 (m, 1H), 7.93 (d, J = 8.2 Hz, 
1H), 7.91 – 7.82 (m, 2H), 7.68 (d, J = 4.0 Hz, 3H), 7.54 (dd, J = 6.3, 3.2 Hz, 2H), 
7.45 (t, J = 7.6 Hz, 1H), 7.38 (t, J = 7.6 Hz, 2H), 7.18 (t, J = 7.3 Hz, 1H). 
13
C NMR 
(126 MHz, CDCl3) δ 167.6, 138.0, 134.4, 133.7, 131.0, 130.0, 129.1, 128.4, 127.3, 
126.5, 125.2, 125.1, 124.7, 124.6, 120.0. HRMS (EI): calcd for C17H13ON (M
+
) 
247.0997, found 247.0994. 
 
N-Butylbenzamide (2-15g)  
Pale yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 7.75 (d, J = 7.3 Hz, 2H), 7.42 (t, J = 
7.4 Hz, 1H), 7.33 (t, J = 7.8 Hz, 2H), 6.81 (s, 1H), 3.37 (dd, J = 13.1, 7.1 Hz, 2H), 
1.58 – 1.49 (m, 2H), 1.33 (dq, J = 14.6, 7.3 Hz, 2H), 0.89 (d, J = 7.3 Hz, 3H). 13C 
NMR (126 MHz, CDCl3) δ 167.6, 134.7, 131.0, 128.2, 126.8, 39.7, 31.5, 20.0, 13.6. 
HRMS (EI): calcd for C11H15ON (M
+





N-Benzylbenzamide (2-15h)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 7.79 (d, J = 7.4 Hz, 2H), 7.48 (t, J = 7.4 
Hz, 1H), 7.39 (t, J = 7.7 Hz, 2H), 7.32 (d, J = 4.5 Hz, 4H), 7.30 – 7.26 (m, 1H), 6.86 
(s, 1H), 4.59 (d, J = 5.7 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 167.4, 138.2, 134.3, 
131.4, 128.6, 128.4, 127.7, 127.4, 126.9, 43.9. HRMS (EI): calcd for C14H13ON (M
+
) 
211.0997, found 211.0991. 
 
4-Amino-N-butylbenzamide (2-15i)  
Yellow solid. 
1
H NMR (500 MHz, CDCl3) δ 7.57 (d, J = 8.6 Hz, 2H), 6.58 (d, J = 8.6 
Hz, 2H), 6.34 (s, 1H), 3.92 (s, 2H), 3.35 (dd, J = 13.0, 7.2 Hz, 2H), 1.55 – 1.48 (m, 
2H), 1.33 (dq, J = 14.6, 7.3 Hz, 2H), 0.89 (t, J = 7.4 Hz, 3H). 
13
C NMR (126 MHz, 
CDCl3) δ 167.3, 149.5, 128.5, 124.0, 113.9, 39.5, 31.7, 20.0, 13.7. HRMS (EI): calcd 
for C11H16ON2 (M
+





H NMR (500 MHz, CDCl3) δ 7.88 (d, J = 8.5 Hz, 2H), 7.80 (d, J = 8.5 
Hz, 2H), 6.88 (s, 1H), 3.39 (dd, J = 13.0, 7.2 Hz, 2H), 2.55 (s, 3H), 1.59 – 1.52 (m, 
2H), 1.34 (dq, J = 14.7, 7.4 Hz, 2H), 0.89 (d, J = 7.3 Hz, 3H). 
13
C NMR (126 MHz, 
CDCl3) δ 197.5, 166.6, 138.7, 138.7, 128.2, 128.2, 39.9. 31.5, 26.6, 20.0, 13.6. 
HRMS (EI): calcd for C13H17O2N (M
+





H NMR (500 MHz, CDCl3) δ 7.85 (d, J = 8.4 Hz, 2H), 7.67 (d, J = 
8.5 Hz, 2H), 6.65 (s, 1H), 3.41 (dd, J = 13.0, 7.2 Hz, 2H), 1.57 (dd, J = 14.6, 7.2 Hz, 
2H), 1.37 (dt, J = 15.0, 7.4 Hz, 2H), 0.91 (t, J = 7.4 Hz, 3H). 
13
C NMR (126 MHz, 
CDCl3) δ 165.7, 138.7, 132.2, 127.6, 118.0, 114.7, 40.0, 31.4, 20.0, 13.6. HRMS (EI): 
calcd for C12H14ON2 (M
+




N-Butylthiophene-2-carboxamide (2-15l)  
Pale yellow solid. 
1
H NMR (500 MHz, CDCl3) δ 7.53 (dd, J = 3.7, 1.1 Hz, 1H), 7.41 
(dd, J = 5.0, 1.1 Hz, 1H), 7.01 (dd, J = 5.0, 3.7 Hz, 1H), 6.52 (s, 1H), 3.40 – 3.34 (m, 
2H), 1.55 – 1.51 (m, 2H), 1.37 (dd, J = 15.1, 7.5 Hz, 2H), 0.89 (d, J = 7.4 Hz, 3H). 
13
C NMR (126 MHz, CDCl3) δ 162.0, 139.3, 129.5, 127.7, 127.4, 39.7, 31.6, 20.0, 




) 183.0718, found 183.0716. 
 
N-Butylnicotinamide (2-15m)  
Yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 8.94 (s, 1H), 8.62 (d, J = 3.5 Hz, 1H), 8.08 
(d, J = 7.9 Hz, 1H), 7.31 (dd, J = 7.8, 4.9 Hz, 1H), 6.91 (s, 1H), 3.40 (d, J = 6.7 Hz, 
2H), 1.57 (dd, J = 14.8, 7.1 Hz, 2H), 1.37 – 1.32 (m, 2H), 0.89 (t, J = 7.3 Hz, 3H). 13C 
NMR (126 MHz, CDCl3) δ 165.6, 151.7, 147.8, 135.1, 130.5, 123.4, 39.8, 31.5, 20.0, 
13.6. HRMS (EI): calcd for C10H14ON2 (M
+
) 178.1106, found 178.1098. 
 
N-Butyl-4-methoxybenzamide (2-15n)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 7.72 (d, J = 8.8 Hz, 2H), 6.85 (d, J = 8.8 
Hz, 2H), 6.50 (s, 1H), 3.79 (s, 3H), 3.37 (dd, J = 12.9, 7.1 Hz, 2H), 1.53 (dd, J = 14.8, 
7.6 Hz, 2H), 1.35 (dd, J = 15.1, 7.5 Hz, 2H), 0.90 (t, J = 7.4 Hz, 3H). 
13
C NMR (126 
MHz, CDCl3) δ 167.1, 161.9, 128.6, 127.0, 113.5, 55.2, 39.7, 31.7, 20.1, 13.7. HRMS 
(EI): calcd for C12H17O2N (M
+
) 207.1259, found 207.1258. 
 
N-Butylanthracene-9-carboxamide (2-15o)  
Yellow solid. 
1
H NMR (500 MHz, CDCl3) δ 8.40 (s, 1H), 8.00 (d, J = 8.7 Hz, 2H), 
7.95 (d, J = 7.6 Hz, 2H), 7.48 – 7.43 (m, 4H), 6.22 (s, 1H), 3.58 (dd, J = 13.1, 7.2 Hz, 
2H), 1.64 (dt, J = 14.9, 7.5 Hz, 2H), 1.43 (dq, J = 14.7, 7.4 Hz, 2H), 0.97 (t, J = 7.4 
Hz, 3H). 
13
C NMR (126 MHz, CDCl3) δ 169.3, 132.1. 131.0, 128.4, 127.9, 127.9, 
126.5, 125.3, 125.0, 39.8, 31.6, 20.1, 13.7. HRMS (EI): calcd for C19H19ON (M
+
) 
277.1467, found 277.1464. 
171 
 
N-Butyl-4-methylbenzamide (2-15p)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 7.65 (d, J = 8.2 Hz, 2H), 7.19 (d, J = 7.9 
Hz, 2H), 6.29 (s, 1H), 3.43 – 3.39 (m, 2H), 2.37 (s, 3H), 1.56 (d, J = 7.2 Hz, 2H), 1.41 
– 1.37 (m, 2H), 0.92 (d, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 167.5, 141.5, 
131.9, 129.1, 126.8, 39.7, 31.7, 21.3, 20.1, 13.7. HRMS (EI): calcd for C12H17ON 
(M
+
) 191.1310, found 191.1304. 
 
N-Benzyl-4-methylbenzamide (2-15q)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 7.69 (d, J = 8.1 Hz, 2H), 7.32 (d, J = 4.4 
Hz, 4H), 7.29 – 7.24 (m, 1H), 7.18 (d, J = 8.2 Hz, 2H), 6.73 (s, 1H), 4.59 (d, J = 5.7 
Hz, 2H), 2.37 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 167.3, 141.8, 138.3, 131.4, 
129.1, 128.6, 127.7, 127.4, 126.9, 43.9, 21.3. HRMS (EI): calcd for C15H15ON (M
+
) 
225.1154, found 225.1149. 
 
N-Butyl-4-cyano-3-methylbenzamide (2-15r)  
Yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 7.70 (s, 1H), 7.61 (s, 2H), 6.52 (s, 1H), 
3.41 (dd, J = 13.1, 7.1 Hz, 2H), 2.54 (s, 3H), 1.56 (d, J = 6.8 Hz, 2H), 1.38 – 1.34 (m, 
2H), 0.92 (t, J = 7.0 Hz, 3H). 
13
C NMR (126 MHz, CDCl3) δ 166.0, 142.4, 138.6, 
132.6, 128.8, 124.5, 117.3, 115.1, 39.9, 31.5, 20.0, 19.2, 13.6. HRMS (EI): calcd for 
C13H16ON2 (M
+
) 216.1263, found 216.1259. 
 
N-Benzylquinoline-3-carboxamide (2-15s)  
Colourless solid. 
1
H NMR (500 MHz, CDCl3) δ 9.26 (s, 1H), 8.59 (d, J = 2.1 Hz, 1H), 
8.07 (d, J = 8.4 Hz, 1H), 7.75 (dt, J = 8.3, 4.8 Hz, 2H), 7.55 (t, J = 7.5 Hz, 1H), 7.41 – 
7.23 (m, 6H), 4.67 (d, J = 5.7 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 165.6, 148.9, 
148.1, 137.8, 135.8, 131.2, 129.0, 128.7, 128.7, 127.8, 127.6, 127.4, 126.8, 126.8, 
44.1. HRMS (EI): calcd for C17H14ON2 (M
+




Methyl 2-(4-aminobenzamido)acetate (2-15t)  
Orange solid. 
1
H NMR (500 MHz, CDCl3) δ 7.64 (d, J = 8.6 Hz, 2H), 6.65 (d, J = 8.6 
Hz, 2H), 6.52 (s, 1H), 4.21 (d, J = 5.1 Hz, 2H), 3.78 (s, 3H). 
13
C NMR (126 MHz, 
CDCl3) δ 170.8, 167.2, 149.9, 123.2, 114.1, 52.3, 41.6. HRMS (EI): calcd for 
C10H12O3N2 (M
+
) 208.0848, found 208.0845. 
 
II. Chapter 3 compound characterization data   
Aryloxime intermediate (3-5a)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 7.71 (d, J = 8.5 Hz, 1H), 7.59 – 7.51 (m, 
6H), 7.06 (t, J = 7.6 Hz, 1H), 7.00 (d, J = 8.9 Hz, 2H), 6.92 (d, J = 8.9 Hz, 2H), 4.16 – 
4.06 (m, 4H), 2.41 – 2.26 (m, 4H), 2.18 – 2.09 (m, 4H). 13C NMR (125 MHz, CDCl3) 
δ 161.4, 161.3, 160.4, 159.8, 134.2, 133.1, 132.0, 130.6, 128.5, 124.3, 122.1, 116.0, 
115.3, 114.3, 114.0, 99.8, 66.5, 66.4, 28.1-27.8 (m), 20.6. HRMS (ESI): calcd for 
C42H24F34N2O3Na (M
+
+Na) 1273.1136, found 1273.1140. 
 
3-Amino-1,2-benzisoxazole (3-2a)  
Yellow solid. 
1
H NMR (500 MHz, CDCl3) δ 7.45 (dd, J = 16.2, 7.7 Hz, 2H), 7.36 (d, 
J = 8.5 Hz, 1H), 7.20 – 7.15 (m, 1H), 4.41 (s, 2H). 13C NMR (125 MHz, CDCl3) δ 
163.0, 157.8, 130.0, 122.4, 120.0, 116.1, 110.1. HRMS (EI): calcd for C7H6ON2 (M
+
) 
134.0480, found 134.0478. 
 
7-Trifluoromethyl-3-amino-1,2-benzisoxazole (3-2b)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 7.75 (d, J = 7.7 Hz, 2H), 7.34 (t, J = 7.7 
Hz, 1H), 4.70 (s, 2H). 
13
C NMR (126 MHz, CDCl3) δ 158.9, 157.5, 132.3, 127.3 (q, J 
= 4.6 Hz), 122.7 (q, J = 272 Hz), 122.4, 118.3, 114.1 (q, J = 34.9 Hz). HRMS (EI): 
calcd for C8H5ON2F3 (M
+





6-Phenyl-3-amino-1,2-benzisoxazole (3-2c)  
Brown solid. 
1H NMR (500 MHz, Acetone) δ 7.88 (d, J = 8.2 Hz, 1H), 7.75 (d, J = 
7.1 Hz, 2H), 7.66 (s, 1H), 7.56 (dd, J = 8.2, 1.3 Hz, 1H), 7.50 (t, J = 7.7 Hz, 2H), 7.45 
– 7.36 (m, 1H), 5.82 (s, 2H). 13C NMR (125 MHz, Acetone) δ 165.0, 160.0, 144.6, 
141.9, 130.5, 129.5, 129.0, 123.2, 122.9, 117.6, 109.0. HRMS (EI): calcd for 
C13H10ON2 (M
+
) 210.0793, found 210.0790. 
 
6-Bromo-3-amino-1,2-benzisoxazole (3-2d)  
Brown solid. 
1H NMR (500 MHz, Acetone) δ 7.76 (d, J = 8.3 Hz, 1H), 7.69 (d, J = 
1.4 Hz, 1H), 7.43 (dd, J = 8.3, 1.5 Hz, 1H), 5.87 (s, 2H).
 13
C NMR (75 MHz, 










213.9565, found 213.9565. 
 
5-Nitro-3-amino-1,2-benzisoxazole (3-2e)  
Yellow solid. 
1H NMR (500 MHz, Acetone) δ 8.86 (d, J = 2.2 Hz, 1H), 8.45 (dd, J = 
9.1, 2.2 Hz, 1H), 7.65 (d, J = 9.1 Hz, 1H), 6.23 (s, 2H). 
13
C NMR (125 MHz, 
Acetone) δ 166.9, 160.8, 145.1, 126.8, 120.3, 119.2, 111.8. HRMS (EI): calcd for 
C7H5O3N3 (M
+
) 179.0331, found 179.0326. 
 
4-Phenoxy-3-amino-1,2-benzisoxazole (3-2f)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 7.39 – 7.32 (m, 2H), 7.23 (t, J = 8.2 Hz, 
1H), 7.18 (dd, J = 9.9, 5.0 Hz, 1H), 7.14 – 7.05 (m, 2H), 6.99 (d, J = 8.4 Hz, 1H), 
6.34 (d, J = 8.0 Hz, 1H), 4.53 (s, 2H). 
13
C NMR (125 MHz, CDCl3) δ 165.0, 157.4, 
154.8, 153.3, 131.4, 130.2, 125.2, 120.4, 107.6, 107.5, 104.3. HRMS (EI): calcd for 
C13H10O2N2 (M
+





4-Methoxy-3-amino-1,2-benzisoxazole (3-2g)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 7.38 (t, J = 8.2 Hz, 1H), 6.97 (d, J = 8.4 
Hz, 1H), 6.54 (d, J = 7.9 Hz, 1H), 4.75 (s, 2H), 3.94 (s, 3H).
 13
C NMR (125 MHz, 
CDCl3) δ 164.8, 155.1, 131.7, 106.2, 102.9, 102.2, 55.7. HRMS (EI): calcd for 
C8H8O2N2 (M
+





H NMR (300 MHz, CDCl3) δ 7.43 (td, J = 8.2, 5.4 Hz, 1H), 7.19 (d, J = 
8.4 Hz, 1H), 6.86 (dd, J = 9.5, 8.1 Hz, 1H), 4.73 (s, 2H).
 13
C NMR (75 MHz, CDCl3) 
δ 156.2 (d, J = 250 Hz), 135.8, 131.5 (d, J = 8.2 Hz), 128.1, 125.5, 107.7 (d, J = 18 
Hz), 106.4 (d, J = 4.4 Hz). HRMS (EI): calcd for C7H5ON2F (M
+





1H NMR (500 MHz, Acetone) δ 9.78 (s, 1H), 8.09 (d, J = 7.3 Hz, 2H), 
7.64 (t, J = 7.4 Hz, 1H), 7.59 – 7.50 (m, 5H), 7.30 (dd, J = 7.5, 1.4 Hz, 1H), 5.32 (s, 
2H). 
13C NMR (125 MHz, Acetone) δ 173.8, 166.1, 162.9, 143.0, 136.4, 132.8, 132.8, 








H NMR (500 MHz, CDCl3) δ 7.38 – 7.30 (m, 2H), 7.21 – 7.17 (m, 2H), 
7.13 – 7.08 (m, 3H), 4.53 (s, 2H). 13C NMR (125 MHz, CDCl3) δ 163.7, 158.1, 133.5, 
















H NMR (500 MHz, CDCl3) δ 7.56 – 7.49 (m, 2H), 7.45 (d, J = 7.5 Hz, 
1H), 7.25 (d, J = 7.5 Hz, 1H), 4.88 (s, 2H), 4.22 (s, 2H). 
13
C NMR (125 MHz, CDCl3) 
δ 157.9, 135.3, 132.0, 128.2, 124.3, 122.5, 120.6, 66.9. HRMS (EI): calcd for 
C8H8ON2 (M
+
) 148.0637, found 148.0637. 
 
7-Bromo-4-amino-1H-2,3-benzoxazines (3-3b)  
Brown solid. 
1
H NMR (300 MHz, CDCl3) δ 7.56 (dd, J = 8.1, 1.8 Hz, 1H), 7.37 (dd, J 
= 13.9, 5.0 Hz, 2H), 4.81 (s, 2H), 4.17 (s, 2H). 
13
C NMR (75 MHz, CDCl3) δ 183.8, 









) 227.9721, found 
227.9724. 
 
7-Phenyl-4-amino-1H-2,3-benzoxazines (3-3c)  
Yellow solid. 
1
H NMR (500 MHz, CDCl3) δ 7.66 – 7.58 (m, 3H), 7.54 (d, J = 8.0 Hz, 
1H), 7.47 (dd, J = 14.2, 6.2 Hz, 3H), 7.40 (t, J = 7.3 Hz, 1H), 4.92 (s, 2H), 4.18 (s, 
2H). 
13
C NMR (125 MHz, CDCl3) δ 145.1, 139.8, 135.8, 129.0, 128.2, 127.2, 127.0, 
123.0 (2), 67.1. HRMS (EI): calcd for C14H12ON2 (M
+
) 224.0950, found 224.0952. 
 
6-Trifluoromethyl-4-amino-1H-2,3-benzoxazines (3-3d)  
Brown solid. 
1
H NMR (500 MHz, CDCl3) δ 7.85 – 7.70 (m, 2H), 7.37 (d, J = 7.8 Hz, 
1H), 4.89 (s, 2H), 4.25 (s, 2H). 
13
C NMR (125 MHz, CDCl3) δ 157.0, 138.8, 130.9 (q, 
J = 32.8 Hz), 128.7 (q, J = 4.6 Hz), 125.0, 123.5 (q, J = 271 Hz), 121.4, 119.7 (q, J = 
3.7 Hz), 66.6. HRMS (EI): calcd for C9H7ON2F3 (M
+
) 216.0510, found 216.0515. 
 
5-Chloro-4-amino-1H-2,3-benzoxazines (3-3e)  
Brown solid. 
1
H NMR (500 MHz, CDCl3) δ 7.44 – 7.40 (m, 2H), 7.17 (d, J = 6.9 Hz, 
1H), 4.94 (s, 2H), 4.77 (s, 2H). 
13
C NMR (125 MHz, CDCl3) δ 157.0, 139.3, 133.0, 
176 
 












H NMR (500 MHz, CDCl3) δ 9.88 (s, 1H), 7.83 (d, J = 8.7 Hz, 2H), 
6.99 (d, J = 8.7 Hz, 2H), 4.12 (t, J = 5.9 Hz, 2H), 2.38 – 2.25 (m, 2H), 2.14 (dq, J = 
12.0, 6.0 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 190.7, 163.5, 132.0, 130.3, 114.7, 
66.6, 27.8 (t, J = 22.5 Hz), 20.5. HRMS (ESI): calcd for C18H12F17O2 (M + H) 






H NMR (500 MHz, CDCl3) δ 8.50 (d, J = 4.7 Hz, 2H), 7.65 (td, J = 7.6, 
1.7 Hz, 2H), 7.57 (d, J = 7.8 Hz, 2H), 7.31 (d, J = 8.6 Hz, 2H), 7.15 – 7.10 (m, 2H), 
6.84 (d, J = 8.6 Hz, 2H), 4.00 (t, J = 5.9 Hz, 2H), 3.78 (s, 4H), 3.61 (s, 2H), 2.35 – 
2.22 (m, 2H), 2.07 (td, J = 11.4, 5.9 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 159.8, 
157.7, 148.9, 136.4, 131.3, 130.1, 122.8, 121.9, 114.2, 66.3, 59.8, 57.8, 27.9 (t, J = 







H NMR (500 MHz, CDCl3) δ 8.70 (d, J = 4.5 Hz, 2H), 8.63 (d, J = 7.9 
Hz, 2H), 8.05 (s, 2H), 7.88 (td, J = 7.8, 1.4 Hz, 2H), 7.36 (dd, J = 6.8, 5.2 Hz, 2H), 
4.34 (t, J = 5.8 Hz, 2H), 2.43 – 2.30 (m, 2H), 2.19 (dt, J = 16.4, 5.8 Hz, 2H). 13C 
NMR (126 MHz, CDCl3) δ 166.8, 157.1, 155.8, 148.9, 136.9, 123.9, 121.4, 107.3, 
177 
 
66.5, 27.9 (t, J = 21.0 Hz), 20.4. HRMS (ESI): calcd for C26H16F17N3ONa (M + Na) 





1H NMR (500 MHz, DMSO) δ 7.86 (s, 2H), 7.75 (d, J = 8.6 Hz, 4H), 
7.32 (s, 4H), 4.43 (t, J = 6.1 Hz, 2H), 2.89 (s, 2H), 2.73 (s, 2H). HRMS (ESI): calcd 
for C30H17F17N5O (M – H) 786.1167, found 786.1159. 
 
3-t-Butylperoxy-1-phenylcyclohexene (4-7a’) 
Pale yellow oil. 
1
H NMR (300 MHz, CDCl3) δ 7.66 – 7.60 (m, 2H), 7.44 – 7.39 (m, 
3H), 6.42 (s, 1H), 5.11 (t, J = 2.8 Hz, 1H), 2.89 – 2.66 (m, 2H), 2.47 (dd, J = 5.6, 1.8 
Hz, 1H), 2.42 (d, J = 4.8 Hz, 1H), 2.17 – 2.03 (m, 2H), 1.21 (s, 9H). 13C NMR (75 
MHz, CDCl3) δ 163.2, 146.4, 130.0, 128.7, 128.4, 126.8, 80.2, 75.6, 32.4, 26.5, 26.1, 
25.7. 
 
3-Phenylcyclohex-2-enone (4-8a)  
Pale yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 7.53 (dd, J = 6.7, 3.1 Hz, 2H), 7.43 – 
7.39 (m, 3H), 6.42 (s, 1H), 2.80 – 2.74 (m, 2H), 2.48 (d, J = 7.0 Hz, 2H), 2.15 (dd, J = 
12.8, 6.4 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 199.8, 159.8, 138.8, 129.9, 128.7, 
126.1, 125.4, 37.2, 28.1, 22.8. HRMS (EI): calcd for C12H12O (M
+






H NMR (500 MHz, CDCl3) δ 6.96 (dt, J = 10.0, 4.0 Hz, 1H), 5.97 
(dt, J = 10.1, 2.0 Hz, 1H), 2.41 – 2.33 (m, 2H), 2.31 (tdd, J = 6.1, 4.2, 2.0 Hz, 2H), 
1.98 (dt, J = 12.4, 6.1 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 199.7, 150.7, 129.7, 
38.0, 25.5, 22.6. HRMS (EI): calcd for C6H8O (M
+




Pale yellow oil. 
1
H NMR (300 MHz, CDCl3) δ 5.88 (d, J = 1.2 Hz, 1H), 2.38 – 2.31 
(m, 2H), 2.28 (t, J = 6.2 Hz, 2H), 2.04 – 1.97 (m, 2H), 1.96 (s, 3H). 13C NMR (126 
MHz, CDCl3) δ 199.8, 162.8, 126.7, 37.0, 30.9, 24.4, 22.5. HRMS (EI): calcd for 
C7H10O (M
+





H NMR (500 MHz, CDCl3) δ 6.26 (s, 1H), 3.53 (s, 1H), 2.46 (t, J = 6.0 
Hz, 2H), 2.44 – 2.38 (m, 2H), 2.07 – 1.99 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 
198.6, 143.1, 134.0, 87.1, 82.6, 37.3, 30.1, 22.4. HRMS (EI): calcd for C8H8O (M
+
) 





H NMR (500 MHz, CDCl3) δ 6.51 (s, 1H), 2.56 (td, J = 6.0, 1.9 Hz, 2H), 
2.52 – 2.48 (m, 2H), 2.13 (td, J = 12.3, 6.1 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 
196.3, 138.6, 130.9, 116.9, 37.2, 27.6, 22.0. HRMS (EI): calcd for C7H7NO (M
+
) 





H NMR (500 MHz, CDCl3) δ 7.65 (d, J = 7.4 Hz, 2H), 7.48 (ddd, J = 
10.0, 8.5, 4.2 Hz, 4H), 7.28 (td, J = 7.3, 1.3 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 
193.9, 144.4, 134.6, 134.1, 129.0, 124.3, 120.3. HRMS (EI): calcd for C13H8O (M
+
) 





H NMR (500 MHz, CDCl3) δ 8.34 – 8.29 (m, 4H), 7.83 – 7.78 (m, 
4H). 
13
C NMR (126 MHz, CDCl3) δ 183.2, 134.1, 133.5, 127.2. HRMS (EI): calcd for 
C14H8O2 (M
+






H NMR (300 MHz, CDCl3) δ 7.76 (d, J = 7.7 Hz, 1H), 7.61 – 7.53 (m, 
1H), 7.48 (d, J = 7.7 Hz, 1H), 7.37 (t, J = 7.4 Hz, 1H), 3.18 – 3.11 (m, 2H), 2.73 – 
2.67 (m, 2H). 
13
C NMR (75 MHz, CDCl3) δ 207.1, 155.2, 137.1, 134.6, 127.3, 126.7, 
123.7, 36.2, 25.8. HRMS (EI): calcd for C9H8O (M
+





H NMR (500 MHz, CDCl3) δ 7.94 (dd, J = 7.8, 1.3 Hz, 1H), 7.86 (d, J 
= 8.4 Hz, 1H), 7.59 – 7.53 (m, 3H), 7.26 (dd, J = 8.2, 7.0 Hz, 1H), 7.22 (d, J = 8.2 Hz, 
2H), 4.23 (t, J = 6.5 Hz, 2H), 2.40 – 2.36 (m, 5H). 13C NMR (126 MHz, CDCl3) δ 
192.7, 144.5, 142.3, 136.8, 134.7, 130.1, 127.7, 126.8, 125.7, 125.6, 124.5, 46.2, 36.5, 
21.6. HRMS (EI): calcd for C16H15NO3S (M
+





H NMR (500 MHz, CDCl3) δ 8.06 (d, J = 7.8 Hz, 1H), 7.52 (td, J = 7.5, 
1.4 Hz, 1H), 7.37 (t, J = 7.5 Hz, 1H), 7.25 (d, J = 7.7 Hz, 1H), 4.53 – 4.49 (m, 2H), 
3.04 (t, J = 6.0 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 165.0, 139.5, 133.6, 130.2, 
127.6, 127.2, 125.2, 67.2, 27.7. HRMS (EI): calcd for C9H8O2 (M
+






H NMR (500 MHz, CDCl3) δ 7.81 (d, J = 7.1 Hz, 4H), 7.59 (t, J = 7.4 
Hz, 2H), 7.48 (t, J = 7.7 Hz, 4H). 
13
C NMR (126 MHz, CDCl3) δ 196.7, 137.6, 132.4, 
130.0, 128.2. HRMS (EI): calcd for C13H10O (M
+





H NMR (500 MHz, CDCl3) δ 7.94 (dd, J = 8.3, 1.2 Hz, 2H), 7.54 (t, 
J = 7.4 Hz, 1H), 7.44 (t, J = 7.7 Hz, 2H), 2.58 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 
180 
 





Methyl 2-oxo-2-phenylacetate (4-8m) 
Yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 8.02 (dd, J = 8.3, 1.1 Hz, 2H), 7.67 (t, J = 
7.5 Hz, 1H), 7.52 (t, J = 7.9 Hz, 2H), 3.98 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 
186.0, 164.0, 135.0, 132.4, 130.1, 128.9, 52.8. HRMS (EI): calcd for C9H8O3 (M
+
) 
164.0473, found 164.0481. 
 
1-Phenylhexan-1-one (4-8n) 
Pale yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 7.96 (dd, J = 8.3, 1.2 Hz, 2H), 7.55 (d, 
J = 7.3 Hz, 2H), 7.45 (t, J = 7.7 Hz, 2H), 2.99 – 2.92 (m, 2H), 1.74 (dq, J = 14.8, 7.4 
Hz, 2H), 1.37 (td, J = 7.2, 3.6 Hz, 4H), 0.91 (t, J = 7.1 Hz, 3H). 
13
C NMR (126 MHz, 
CDCl3) δ 200.5, 137.1, 132.8, 128.5, 128.0, 38.5, 31.5, 24.0, 22.5, 13.9. HRMS (EI): 
calcd for C12H16O (M
+
) 176.1201, found 176.1206. 
 





H NMR (500 MHz, CDCl3) δ 8.43 (d, J = 3.2 Hz, 2H), 7.87 (d, J = 7.9 
Hz, 2H), 7.49 (td, J = 7.7, 1.7 Hz, 2H), 7.26 (d, J = 8.5 Hz, 2H), 7.12 (dd, J = 6.8, 5.1 
Hz, 2H), 6.93 (d, J = 8.5 Hz, 2H), 4.68 (s, 2H), 3.86 (s, 3H), 3.81 (s, 6H), 3.30 (s, 
2H), 3.02 (d, J = 12.7 Hz, 2H), 2.50 (d, J = 12.2 Hz, 2H), 1.96 (s, 3H). 
13
C NMR (126 
MHz, CDCl3) δ 203.7, 168.5, 159.1, 158.5, 149.0, 136.0, 131.4, 129.0, 123.4, 122.8, 
113.7, 73.7, 62.1, 61.6, 58.8, 55.4, 52.4, 43.2. HRMS (ESI): calcd for C30H33N4O6 
(M+H)
+








H NMR (500 MHz, CDCl3) δ 7.29 (d, J = 8.7 Hz, 2H), 6.88 (d, J = 8.6 
Hz, 2H), 4.61 (s, 2H), 4.04 (t, J = 5.9 Hz, 2H), 2.38 – 2.25 (m, 2H), 2.14 – 2.05 (m, 
2H), 1.75 (s, 1H). 
13
C NMR (126 MHz, CDCl3) δ 158.2, 133.5, 128.7, 114.5, 66.4, 









H NMR (500 MHz, CDCl3) δ 7.32 (d, J = 8.6 Hz, 2H), 6.88 (d, J = 8.6 
Hz, 2H), 4.57 (s, 2H), 4.04 (t, J = 5.9 Hz, 2H), 2.38 – 2.24 (m, 2H), 2.14 – 2.07 (m, 
2H). 
13
C NMR (126 MHz, CDCl3) δ 158.7, 130.2, 130.1, 114.7, 66.4, 46.1, 27.9 (t, J 









dicarboxylate  (5-FL1) 
Brown powder. 
1
H NMR (500 MHz, CDCl3) δ 8.43 (d, J = 4.0 Hz, 2H), 7.87 (d, J = 
7.9 Hz, 2H), 7.49 (td, J = 7.7, 1.6 Hz, 2H), 7.26 (d, J = 8.5 Hz, 2H), 7.12 (dd, J = 6.9, 
5.3 Hz, 2H), 6.91 (d, J = 8.5 Hz, 2H), 4.68 (s, 2H), 4.08 (t, J = 5.9 Hz, 2H), 3.80 (s, 
6H), 3.32 (s, 2H), 3.04 (d, J = 12.5 Hz, 2H), 2.52 (d, J = 12.2 Hz, 2H), 2.41 – 2.31 
(m, 2H), 2.16 (dd, J = 9.6, 5.7 Hz, 2H), 1.96 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 
203.6, 168.5, 158.5, 158.1, 149.1, 136.0, 131.5, 129.4, 123.4, 122.8, 114.2, 73.7, 66.4, 
62.1, 61.5, 58.7, 52.4, 43.2, 27.8 (t, J = 22.1 Hz), 20.6. HRMS (ESI): calcd for 
C40H36F17N4O6 (M+H)
+









H NMR (500 MHz, CDCl3) δ 8.52 (d, J = 4.6 Hz, 2H), 7.96 (d, J = 7.8 
Hz, 2H), 7.75 (t, J = 7.6 Hz, 2H), 7.24 – 7.18 (m, 2H), 4.75 (s, 2H), 3.83 (s, 6H), 3.03 
(d, J = 11.7 Hz, 2H), 2.66 (dd, J = 15.8, 9.3 Hz, 4H), 2.27 (td, J = 18.4, 9.1 Hz, 2H), 
2.06 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 202.9, 168.5, 158.6, 149.5, 136.2, 123.3, 
123.1, 73.5, 62.2, 58.3, 52.6, 48.1, 43.2, 28.3 (t, J = 22.3 Hz). HRMS (ESI): calcd for 
C32H28F17N4O5 (M+H)
+






H NMR (500 MHz, CDCl3) δ 8.40 (d, J = 4.8 Hz, 1H), 8.31 (d, J = 
4.8 Hz, 1H), 7.69 (ddd, J = 14.0, 10.1, 4.6 Hz, 2H), 7.63 – 7.56 (m, 5H), 7.48 (d, J = 
7.8 Hz, 1H), 7.31 (t, J = 7.8 Hz, 4H), 7.23 – 7.18 (m, 3H), 7.14 (dd, J = 7.3, 5.0 Hz, 
1H), 4.61 (s, 2H), 4.54 (d, J = 11.7 Hz, 2H), 4.40 (s, 1H), 4.35 (s, 2H), 3.67 – 3.59 
(m, 4H), 3.48 (d, J = 12.4 Hz, 2H), 2.45 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 
154.3, 151.7, 149.3, 149.2, 138.7, 137.1, 137.1, 128.7, 127.5, 126.1, 124.0, 123.9, 
123.2, 122.9, 83.6, 62.0, 61.2, 61.2, 59.3, 55.2, 43.1. HRMS (ESI): calcd for 
C32H35N4O (M+H)
+






H NMR (500 MHz, CDCl3) δ 8.41 (d, J = 4.6 Hz, 1H), 8.31 (d, J = 
4.7 Hz, 1H), 7.71 (td, J = 7.7, 1.6 Hz, 1H), 7.64 (d, J = 7.9 Hz, 6H), 7.46 (d, J = 7.8 
Hz, 1H), 7.32 (t, J = 7.8 Hz, 4H), 7.20 (dd, J = 15.2, 7.6 Hz, 3H), 7.15 (dd, J = 7.0, 
5.3 Hz, 1H), 4.84 (d, J = 11.3 Hz, 2H), 4.72 (s, 2H), 4.63 (s, 1H), 4.55 (t, J = 6.5 Hz, 
1H), 4.48 (t, J = 6.5 Hz, 1H), 4.30 (s, 2H), 3.63 (d, J = 9.0 Hz, 2H), 3.54 (dd, J = 
183 
 
11.6, 5.4 Hz, 4H), 3.28 (d, J = 4.1 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 154.8, 
151.2, 149.3, 149.3, 138.5, 137.2, 137.1, 128.9, 127.8, 126.1, 123.9, 123.8, 123.3, 
122.9, 84.5, 65.3, 65.3, 62.0, 60.9, 59.1, 55.2, 43.3. HRMS (ESI): calcd for 
C41H36F17N4O (M+H)
+
 923.2618, found 923.2620. 
 
4-Methoxybenzaldehyde (5-7a)  
Colorless oil.
 1
H NMR (500 MHz, CDCl3) δ 9.88 (s, 1H), 7.84 (d, J = 8.8 Hz, 2H), 
7.00 (d, J = 8.7 Hz, 2H), 3.89 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 190.8, 164.6, 
132.0, 130.0, 114.3, 55.6. HRMS (EI): calcd for C8H8O2 (M
+






H NMR (500 MHz, CDCl3) δ 10.02 (s, 1H), 7.88 (dd, J = 8.1, 1.5 Hz, 
2H), 7.62 (tt, J = 6.9, 1.4 Hz, 1H), 7.53 (t, J = 7.6 Hz, 2H). 
13
C NMR (126 MHz, 
CDCl3) δ 192.3, 136.4, 134.4, 129.7, 128.9. HRMS (EI): calcd for C7H6O (M
+
) 
106.0419, found 106.0415. 
 
4-(Allyloxy)benzaldehyde (5-7c)  
Colorless oil. 
1
H NMR (300 MHz, CDCl3) δ 9.86 (s, 1H), 7.84 – 7.77 (m, 2H), 7.03 – 
6.95 (m, 2H), 6.03 (ddt, J = 17.2, 10.5, 5.3 Hz, 1H), 5.36 (ddq, J = 27.3, 10.5, 1.5 Hz, 
2H), 4.60 (dt, J = 5.3, 1.5 Hz, 2H). 
13
C NMR (75 MHz, CDCl3) δ 190.7, 163.5, 132.2, 





4-Nitrobenzaldehyde (5-7d)  
Yellow solid. 
1
H NMR (500 MHz, CDCl3) δ 10.16 (s, 1H), 8.39 (d, J = 8.5 Hz, 2H), 
8.08 (d, J = 8.3 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 190.2, 151.1, 140.0, 130.5, 
124.3. HRMS (EI): calcd for C7H5O3N (M
+






H NMR (500 MHz, CDCl3) δ 9.81 (s, 1H), 7.41 (dd, J = 8.2, 1.8 Hz, 1H), 
7.36 (d, J = 1.8 Hz, 1H), 6.94 (d, J = 8.2 Hz, 1H), 3.92 (s, 3H), 3.89 (s, 3H). 
13
C NMR 
(126 MHz, CDCl3) δ 190.7, 154.4, 149.5, 130.0, 126.7, 110.3, 108.9, 56.0, 55.8. 
HRMS (EI): calcd for C9H10O3 (M
+





H NMR (500 MHz, CDCl3) δ 10.28 (s, 1H), 8.45 (s, 1H), 8.07 
(ddd, J = 20.7, 16.2, 8.0 Hz, 4H), 7.74 (dt, J = 27.8, 7.1 Hz, 2H). 
13
C NMR (126 
MHz, CDCl3) δ 190.2, 134.3, 132.4, 132.0, 130.5, 127.5, 127.0, 127.0, 126.0, 125.0, 
120.6. HRMS (EI): calcd for C11H8O (M
+





H NMR (500 MHz, CDCl3) δ 10.06 (s, 1H), 7.90 (d, J = 8.0 Hz, 2H), 
7.63 (d, J = 8.0 Hz, 2H), 1.44 (s, 9H). 
13
C NMR (126 MHz, CDCl3) δ 190.5, 156.9, 
132.6, 128.2, 124.5, 33.8, 29.6. HRMS (EI): calcd for C11H14O (M
+






H NMR (500 MHz, CDCl3) δ 9.90 (s, 1H), 8.27 (s, 1H), 7.82 (d, J = 
8.6 Hz, 2H), 7.72 (d, J = 8.2 Hz, 2H), 2.22 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 
191.2, 169.1, 143.8, 132.1, 131.1, 119.3, 24.7. HRMS (EI): calcd for C9H9O2N (M
+
) 
163.0628, found 163.0633. 
 
4-(Methylthio)benzaldehyde (5-7i)  
Pale-yellow oil. 
1
H NMR (300 MHz, CDCl3) δ 9.86 (s, 1H), 7.74 – 7.67 (m, 2H), 7.29 
– 7.23 (m, 2H), 2.47 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 191.0, 147.7, 132.7, 
129.8, 125.0, 14.4. HRMS (EI): calcd for C8H8OS (M
+





1H NMR (500 MHz, MeOD) δ 9.76 (s, 1H), 7.77 (d, J = 8.6 Hz, 2H), 
6.91 (d, J = 8.6 Hz, 2H), 4.91 (s, 1H). 
13C NMR (126 MHz, MeOD) δ 192.8, 165.1, 
133.4, 130.3, 116.9. HRMS (EI): calcd for C7H6O2 (M
+
) 122.0362, found 122.0361. 
 
4-Formylbenzoic acid (5-7j) 
Off-white solid. 
1H NMR (500 MHz, DMSO) δ 13.39 (s, 1H), 10.11 (s, 1H), 8.13 (d, 
J = 7.7 Hz, 2H), 8.02 (d, J = 8.0 Hz, 2H). 
13C NMR (126 MHz, DMSO) δ 193.0, 








H NMR (500 MHz, CDCl3) δ 9.97 (s, 1H), 7.80 (d, J = 7.8 Hz, 2H), 
7.49 (d, J = 7.8 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 190.8, 140.9, 134.7, 130.8, 




) 138.9945, found 138.9951. 
 
2-Chlorobenzaldehyde (2-2c1)  
Colorless oil. 
1
H NMR (500 MHz, CDCl3) δ 10.39 (s, 1H), 7.83 (dd, J = 7.7, 1.7 Hz, 
1H), 7.46 (td, J = 7.7, 1.8 Hz, 1H), 7.37 (d, J = 8.0 Hz, 1H), 7.31 (t, J = 7.9 Hz, 1H). 
13
C NMR (126 MHz, CDCl3) δ 189.5, 137.7, 134.9, 132.2, 130.4, 129.1, 127.1. 




) 138.9945, found 138.9950. 
 
2-Bromobenzaldehyde (2-2a1)  
Yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 10.35 (s, 1H), 7.91 – 7.88 (m, 1H), 7.63 
(dd, J = 7.4, 1.7 Hz, 1H), 7.45 – 7.39 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 191.7, 









2-Iodobenzaldehyde (2-2b1)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 10.07 (s, 1H), 7.96 (d, J = 7.9 Hz, 1H), 
7.88 (dd, J = 7.7, 1.8 Hz, 1H), 7.47 (t, J = 7.5 Hz, 1H), 7.32 – 7.26 (m, 1H). 13C NMR 










H NMR (500 MHz, CDCl3) δ 9.88 (s, 1H), 7.48 (d, J = 7.8 Hz, 1H), 
7.31 (dd, J = 8.3, 7.1 Hz, 1H), 6.75 (t, J = 7.4 Hz, 1H), 6.65 (d, J = 8.3 Hz, 1H), 6.10 
(s, 2H). 
13
C NMR (126 MHz, CDCl3) δ 194.0, 149.8, 135.6, 135.1, 118.8, 116.3, 
115.9. HRMS (EI): calcd for C7H7NO (M
+





H NMR (500 MHz, CDCl3) δ 10.02 (s, 1H), 7.85 (dd, J = 12.1, 3.9 Hz, 
2H), 7.29 (t, J = 4.0 Hz, 1H). 
13
C NMR (126 MHz, CDCl3) δ 181.5, 142.6, 134.9, 








1H NMR (500 MHz, DMSO) δ 12.13 (s, 1H), 9.94 (s, 1H), 8.28 (s, 1H), 
8.10 (d, J = 7.6 Hz, 1H), 7.51 (d, J = 8.0 Hz, 1H), 7.24 (dt, J = 14.8, 7.0 Hz, 2H). 
13
C 
NMR (126 MHz, DMSO) δ 184.9, 138.4, 137.0, 124.1, 123.4, 122.1, 120.8, 118.2, 
112.4. HRMS (EI): calcd for C9H7NO (M
+





H NMR (500 MHz, CDCl3) δ 9.43 (s, 1H), 7.11 (d, J = 3.5 Hz, 1H), 
6.17 (d, J = 3.5 Hz, 1H), 2.35 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 176.7, 159.6, 
151.7, 123.7, 109.3, 13.8. HRMS (EI): calcd for C6H6O2 (M
+







H NMR (300 MHz, CDCl3) δ 9.68 (d, J = 7.7 Hz, 1H), 7.58 – 7.50 
(m, 2H), 7.50 – 7.37 (m, 4H), 6.70 (dd, J = 16.0, 7.7 Hz, 1H). 13C NMR (75 MHz, 
CDCl3) δ 193.5, 152.6, 133.9, 131.1, 129.0, 128.4, 128.4. HRMS (EI): calcd for 
C9H8O (M
+
) 132.0570, found 132.0572. 
 
Geranial (5-7q)  
Yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 10.05 (d, J = 7.8 Hz, 1H), 5.94 (d, J = 7.6 
Hz, 1H), 5.14 (t, J = 5.5 Hz, 1H), 2.31-2.26 (m, 4H), 2.23 (s, 3H), 1.75 (s, 3H), 1.68 
(s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 189.5, 161.9, 131.2, 125.8, 120.9, 39.0, 24.1, 
24.0, 16.0, 16.0. HRMS (EI): calcd for C10H16O (M
+





H NMR (500 MHz, CDCl3) δ 7.86 – 7.80 (m, 2H), 7.68 – 7.63 (m, 2H), 
2.57 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 197.3, 137.9, 136.4, 129.7, 101.0, 26.4. 









H NMR (500 MHz, CDCl3) δ 8.04 – 7.99 (m, 2H), 7.56 (dd, J = 8.1, 
6.6 Hz, 1H), 7.47 (t, J = 7.7 Hz, 2H), 2.71 – 2.65 (m, 1H), 1.27 – 1.22 (m, 2H), 1.04 
(dq, J = 7.1, 3.6 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 200.6, 138.0, 132.7, 128.4, 
128.0, 17.1, 11.6. HRMS (EI): calcd for C10H10O (M
+
) 146.0726, found 146.0730. 
 
3-Acetylpyridine (5-7t)  
Yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 9.09 (d, J = 1.8 Hz, 1H), 8.70 (dd, J = 4.8, 
1.7 Hz, 1H), 8.15 (dt, J = 8.0, 2.0 Hz, 1H), 7.35 (dd, J = 7.9, 4.8 Hz, 1H), 2.57 (s, 
3H). 
13
C NMR (126 MHz, CDCl3) δ 196.5, 153.4, 149.8, 135.3, 132.1, 123.5, 26.5. 
HRMS (EI): calcd for C7H7NO (M
+
) 121.0522, found 121.0527. 
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2-Acetylthiophene (5-7u)  
Dark-yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 7.68 (d, J = 3.7 Hz, 1H), 7.61 (d, J = 
5.0 Hz, 1H), 7.12 – 7.09 (m, 1H), 2.54 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 190.6, 







4-(1-Hydroxyethyl)benzaldehyde (5-7v)  
Pale-yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 9.94 (s, 1H), 7.82 (d, J = 8.2 Hz, 2H), 
7.51 (d, J = 8.1 Hz, 2H), 4.95 (q, J = 6.5 Hz, 1H), 2.59 (s, 1H), 1.49 (d, J = 6.5 Hz, 
3H). 
13
C NMR (126 MHz, CDCl3) δ 192.0, 152.8, 135.4, 129.9, 125.8, 69.7, 25.2. 
HRMS (EI): calcd for C9H10O2 (M
+
) 150.0675, found 150.0676. 
 
4-Acetylbenzaldehyde (5-7v’)  
Pale-yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 10.12 (s, 1H), 8.11 (d, J = 7.9 Hz, 
2H), 7.99 (d, J = 7.1 Hz, 2H), 2.67 (s, 3H). HRMS (EI): calcd for C9H8O2 (M
+
) 





H NMR (500 MHz, CDCl3) δ 9.93 (s, 1H), 7.77 (d, J = 8.1 Hz, 2H), 
7.34 (d, J = 8.0 Hz, 2H), 3.66 (t, J = 6.3 Hz, 2H), 2.80 – 2.75 (m, 2H), 2.12 (s, 1H), 
1.90 (tt, J = 12.9, 6.4 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 192.1, 149.5, 134.4, 
129.9, 129.1, 61.7, 33.6, 32.2. HRMS (EI): calcd for C10H12O2 (M
+






H NMR (500 MHz, CDCl3) δ 9.98 (s, 1H), 9.83 (s, 1H), 7.82 (d, J = 
8.0 Hz, 2H), 7.37 (d, J = 8.0 Hz, 2H), 3.04 (t, J = 7.4 Hz, 2H), 2.84 (t, J = 7.4 Hz, 
2H). HRMS (EI): calcd for C10H10O2 (M
+
) 162.0675, found 162.0677. 
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2-Benzylidenemalononitrile (5-8a)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 7.91 (d, J = 7.6 Hz, 2H), 7.79 (s, 1H), 
7.64 (t, J = 7.5 Hz, 1H), 7.54 (t, J = 7.8 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 
159.9, 134.5, 130.8, 130.6, 129.5, 113.6, 112.5, 82.7. HRMS (EI): calcd for C10H6N2 
(M
+





H NMR (500 MHz, CDCl3) δ 7.90 (d, J = 8.9 Hz, 2H), 7.64 (s, 1H), 
7.00 (d, J = 9.0 Hz, 2H), 3.91 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 164.7, 158.8, 
133.4, 123.9, 115.0, 114.4, 113.3, 78.3, 55.7. HRMS (EI): calcd for C11H8N2O (M
+
) 
184.0631, found 184.0636. 
 
2-(4-Nitrobenzylidene)malononitrile (5-8c)  
Pale yellow solid.
 1
H NMR (500 MHz, CDCl3) δ 8.38 (d, J = 8.8 Hz, 2H), 8.08 (d, J = 
8.8 Hz, 2H), 7.90 (s, 1H). 
13
C NMR (126 MHz, CDCl3) δ 156.9, 150.3, 135.8, 131.3, 
124.6, 112.6, 111.6, 87.5. HRMS (EI): calcd for C10H5N3O2 (M
+
) 199.0376, found 
199.0381. 
 
2-(4-Cyanobenzylidene)malononitrile (5-8d)  
Yellow solid. 
1
H NMR (500 MHz, CDCl3) δ 7.99 (d, J = 8.3 Hz, 2H), 7.84 (s, 1H), 
7.83 (d, J = 3.7 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 157.3, 134.2, 133.1, 130.7, 





2-(4-Chlorobenzylidene)malononitrile (5-8e)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 7.85 (d, J = 8.6 Hz, 2H), 7.74 (s, 1H), 
7.52 (d, J = 8.6 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 158.3, 141.1, 131.8, 130.0, 
190 
 




) 188.0136, found 
188.0142. 
 
2-(4-Ethylbenzylidene)malononitrile (5-8f)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 7.84 (d, J = 8.3 Hz, 2H), 7.73 (s, 1H), 
7.36 (d, J = 8.3 Hz, 2H), 2.75 (q, J = 7.6 Hz, 2H), 1.27 (t, J = 7.6 Hz, 3H). 
13
C NMR 
(126 MHz, CDCl3) δ 159.9, 152.5, 131.1, 129.2, 128.7, 114.1, 112.9, 81.2, 29.2, 14.9. 
HRMS (EI): calcd for C12H10N2 (M
+





H NMR (500 MHz, CDCl3) δ 7.60 (s, 2H), 7.32 (d, J = 8.2 Hz, 1H), 
6.93 (d, J = 8.2 Hz, 1H), 6.13 (s, 2H).
 13
C NMR (126 MHz, CDCl3) δ 158.7, 153.5, 
149.0, 130.0, 125.6, 114.2, 113.1, 109.1, 108.2, 102.7, 79.2. HRMS (EI): calcd for 
C11H6N2O2 (M
+
) 198.0424, found 198.0421. 
 
2-(4-Hydroxybenzylidene)malononitrile (5-8h)  
Yellow solid. 
1H NMR (500 MHz, MeOD) δ 7.90 (s, 1H), 7.86 (d, J = 8.8 Hz, 2H), 
6.90 (d, J = 8.8 Hz, 2H), 4.93 (s, 1H). 
13C NMR (126 MHz, MeOD) δ 165.3, 161.0, 
135.0, 124.5, 117.5, 115.9, 114.9, 77.3. HRMS (EI): calcd for C10H6N2O (M
+
) 





H NMR (500 MHz, CDCl3) δ 8.26 (s, 1H), 8.17 (d, J = 7.7 Hz, 1H), 
7.55 (d, J = 3.8 Hz, 2H), 7.48 – 7.42 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 156.0, 










2-(3-Cyanobenzylidene)malononitrile (5-8j)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 8.20 (d, J = 7.9 Hz, 1H), 8.08 (s, 1H), 
7.90 (d, J = 7.8 Hz, 1H), 7.81 (s, 1H), 7.71 (t, J = 7.9 Hz, 1H). 
13
C NMR (126 MHz, 
CDCl3) δ 157.0, 136.8, 133.9, 133.5, 131.7, 130.7, 116.9, 114.4, 112.7, 111.6, 86.3. 
HRMS (EI): calcd for C11H5N3 (M
+
) 179.0478, found 179.0482. 
 
2-((1H-Indol-3-yl)methylene)malononitrile (5-8k)  
Yellow solid. 
1H NMR (500 MHz, DMSO) δ 12.71 (s, 1H), 8.67 (s, 1H), 8.51 (s, 1H), 
8.03 (d, J = 7.1 Hz, 1H), 7.57 (d, J = 7.4 Hz, 1H), 7.33 – 7.25 (m, 2H). 13C NMR (126 
MHz, DMSO) δ 152.5, 136.2, 133.3, 126.7, 123.9, 122.6, 119.0, 115.9, 115.9, 113.0, 
111.0, 69.3. HRMS (EI): calcd for C12H7N3 (M
+
) 193.0635, found 193.0640. 
 
2-(Thiophen-2-ylmethylene)malononitrile (5-8l)  
Yellow solid. 
1
H NMR (500 MHz, CDCl3) δ 7.88 (d, J = 3.4 Hz, 2H), 7.80 (d, J = 3.6 
Hz, 1H), 7.29 – 7.25 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 151.1, 138.2, 136.9, 










H NMR (500 MHz, CDCl3) δ 7.80 (s, 1H), 7.51 (s, 1H), 7.35 (d, J = 
3.2 Hz, 1H), 6.72 – 6.68 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 149.5, 148.0, 143.0, 





(E)-2-(3-Phenylallylidene)malononitrile (5-8n)  
Yellow solid. 
1
H NMR (500 MHz, CDCl3) δ 7.63 – 7.57 (m, 3H), 7.51 – 7.43 (m, 
3H), 7.32 – 7.22 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 160.0, 150.4, 133.9, 132.0, 
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129.3, 128.9, 122.2, 113.5, 111.6, 82.8. HRMS (EI): calcd for C12H8N2 (M
+
) 
180.0682, found 180.0685. 
 
2-(3-Phenylpropylidene)malononitrile (5-8o)  
Colorless oil. 
1
H NMR (500 MHz, CDCl3) δ 7.35 (t, J = 7.4 Hz, 2H), 7.31 – 7.27 (m, 
2H), 7.18 (d, J = 7.2 Hz, 2H), 2.94 – 2.89 (m, 4H). 13C NMR (126 MHz, CDCl3) δ 
168.1, 138.1, 129.0, 128.2, 127.1, 111.9, 110.3, 90.5, 34.2, 33.5. HRMS (EI): calcd 
for C12H10N2 (M
+
) 182.0839, found 182.0846. 
 
2-(2,2-Dimethylpropylidene)malononitrile (5-8p)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 7.21 (s, 1H), 1.30 (s, 9H). 
13
C NMR (126 
MHz, CDCl3) δ 177.5, 113.0, 111.0, 86.7, 36.9, 28.4. HRMS (EI): calcd for C8H10N2 
(M
+





H NMR (500 MHz, CDCl3) δ 7.14 (d, J = 10.5 Hz, 1H), 3.06 – 2.97 
(m, 1H), 1.18 (d, J = 6.6 Hz, 7H). 
13
C NMR (126 MHz, CDCl3) δ 175.0, 112.1, 110.4, 
87.9, 32.7, 21.0. HRMS (EI): calcd for C7H8N2 (M
+
) 120.0682, found 120.0680. 
 
2-Cyclohexylidenemalononitrile (5-8r)  
Colorless oil. 
1
H NMR (500 MHz, CDCl3) δ 2.68 – 2.62 (m, 4H), 1.80 (dt, J = 12.3, 
6.0 Hz, 4H), 1.68 (ddd, J = 7.8, 5.8, 4.0 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 





2-(1-Phenylethylidene)malononitrile (5-8s)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 7.55 (dd, J = 6.5, 2.4 Hz, 3H), 7.51 (d, J = 
6.1 Hz, 2H), 2.64 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 175.4, 135.9, 132.2, 129.1, 
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127.3, 112.7, 112.7, 84.7, 24.2. HRMS (EI): calcd for C11H8N2 (M
+
) 168.0682, found 
168.0687. 
 
Ethyl 2-cyano-3-phenylacrylate (5-8t) 
White solid. 
1
H NMR (500 MHz, CDCl3) δ 8.23 (s, 1H), 7.97 (d, J = 7.4 Hz, 2H), 
7.56 – 7.52 (m, 1H), 7.48 (dd, J = 8.1, 6.8 Hz, 2H), 4.37 (q, J = 7.1 Hz, 2H), 1.38 (t, J 
= 7.1 Hz, 3H). 
13
C NMR (126 MHz, CDCl3) δ 162.4, 154.9, 133.2, 131.4, 131.0, 





N-Butyl-2-cyano-3-phenylacrylamide (5-8u)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 8.33 (s, 1H), 7.92 (d, J = 7.1 Hz, 2H), 
7.55 – 7.45 (m, 3H), 6.39 (s, 1H), 3.43 (dd, J = 13.5, 6.6 Hz, 2H), 1.62 – 1.56 (m, 
2H), 1.45 – 1.36 (m, 2H), 0.96 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 
160.1, 152.8, 132.6, 131.8, 130.5, 129.2, 117.1, 104.1, 40.3, 31.4, 20.0, 13.7. HRMS 
(EI): calcd for C14H16N2O (M
+
) 228.1257, found 228.1254. 
 
2-Benzylidene-4,4-dimethyl-3-oxopentanenitrile (5-8v)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 8.21 (s, 1H), 7.98 (d, J = 7.5 Hz, 2H), 
7.55 – 7.45 (m, 3H), 1.42 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 198.1, 156.1, 132.9, 
132.0, 131.1, 129.1, 118.2, 107.3, 44.5, 26.4. HRMS (EI): calcd for C14H15NO (M
+
) 
213.1148, found 213.1144. 
 
2-(3-Nitrophenyl)-3-phenylacrylonitrile (5-8w)  
Pale yellow solid. 
1
H NMR (500 MHz, CDCl3) δ 8.53 (t, J = 2.0 Hz, 1H), 8.25 (dd, J 
= 8.2, 2.1 Hz, 1H), 8.02 (dd, J = 7.0, 1.7 Hz, 1H), 7.94 (dd, J = 6.4, 3.0 Hz, 2H), 7.70 
– 7.63 (m, 2H), 7.51 (dd, J = 5.0, 1.9 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 148.8, 
144.7, 136.3, 132.9, 132.0, 131.5, 130.2, 129.6, 129.2, 123.7, 120.5, 117.2, 109.3. 
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HRMS (EI): calcd for C15H10N2O2 (M
+
) 250.0737, found 250.0743. 
 
2-(4-Nitrophenyl)-3-phenylacrylonitrile (5-8x)  
Pale yellow solid. 
1
H NMR (500 MHz, CDCl3) δ 8.32 (d, J = 8.8 Hz, 2H), 7.97 – 7.92 
(m, 2H), 7.86 (d, J = 8.8 Hz, 2H), 7.69 (s, 1H), 7.55 – 7.50 (m, 3H). 13C NMR (126 
MHz, CDCl3) δ 147.9, 145.5, 140.6, 132.9, 131.7, 129.7, 129.2, 126.8, 124.4, 117.1, 
109.6. HRMS (EI): calcd for C15H10N2O2 (M
+
) 250.0737, found 250.0743. 
 
Ethyl 2-cyano-3-(4-hydroxy-3-methoxyphenyl)acrylate (5-8y)  
Yellow solid. 
1
H NMR (500 MHz, CDCl3) δ 8.12 (s, 1H), 7.83 (d, J = 2.0 Hz, 1H), 
7.38 (dd, J = 8.3, 2.0 Hz, 1H), 6.98 (d, J = 8.3 Hz, 1H), 6.36 (s, 1H), 4.36 (q, J = 7.1 
Hz, 2H), 3.96 (s, 3H), 1.38 (t, J = 7.1 Hz, 3H). 
13
C NMR (126 MHz, CDCl3) δ 163.1, 
154.8, 150.9, 146.8, 128.7, 124.2, 116.4, 114.9, 111.2, 98.9, 62.4, 56.1, 14.1. HRMS 
(EI): calcd for C13H13O4N (M
+
) 247.0845, found 247.0846. 
 
2-(3,4-Dimethoxybenzylidene)malononitrile (5-8z)  
Yellow solid. 
1
H NMR (500 MHz, CDCl3) δ 7.64 (d, J = 3.4 Hz, 2H), 7.38 (dd, J = 
8.5, 2.1 Hz, 1H), 6.95 (d, J = 8.5 Hz, 1H), 3.96 (s, 3H), 3.91 (s, 3H). 
13
C NMR (126 
MHz, CDCl3) δ 159.1, 154.8, 149.4, 128.1, 124.2, 114.4, 113.5, 111.1, 110.8, 78.2, 
56.2, 56.0. HRMS (EI): calcd for C12H10N2O2 (M
+
) 214.0737, found 214.0737. 
 
2-(4-tert-Butylbenzylidene)malononitrile (5-8aa)  
White solid. 
1
H NMR (500 MHz, CDCl3) δ 7.86 (d, J = 8.5 Hz, 2H), 7.74 (s, 1H), 
7.55 (d, J = 8.5 Hz, 2H), 1.35 (s, 9H). 
13
C NMR (126 MHz, CDCl3) δ 159.6, 159.2, 
130.8, 128.4, 126.6, 114.0, 112.8, 81.3, 35.5, 30.8. HRMS (EI): calcd for C14H14N2 
(M
+








H NMR (500 MHz, CDCl3) δ 8.25 (s, 1H), 8.05 (dd, J = 8.7, 1.8 Hz, 
1H), 7.94 (t, J = 7.2 Hz, 2H), 7.90 (d, J = 8.2 Hz, 1H), 7.86 (s, 1H), 7.68 (t, J = 7.5 
Hz, 1H), 7.61 (t, J = 7.5 Hz, 1H). 
13
C NMR (126 MHz, CDCl3) δ 159.6, 135.8, 134.4, 
132.5, 129.9, 129.6, 129.6, 128.5, 128.0, 127.7, 124.1, 113.9, 112.8, 82.1. HRMS 
(EI): calcd for C14H8N2 (M
+
) 204.0682, found 204.0684. 
 
(E)-Ethyl 3-(4-methoxyphenyl)acrylate (5-10a) 
Pale-yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 7.64 (d, J = 16.0 Hz, 1H), 7.47 (d, J = 
8.7 Hz, 2H), 6.90 (d, J = 8.8 Hz, 2H), 6.30 (d, J = 16.0 Hz, 1H), 4.25 (q, J = 7.1 Hz, 
2H), 3.83 (s, 3H), 1.33 (t, J = 7.1 Hz, 3H). 
13
C NMR (126 MHz, CDCl3) δ 167.3, 
161.3, 144.2, 129.6, 127.2, 115.7, 114.3, 60.3, 55.3, 14.3. HRMS (EI): calcd for 
C12H14O3 (M
+
) 206.0938, found 206.0941. 
 
(E)-Ethyl 3-(4-(allyloxy)phenyl)acrylate (5-10b)  
Colourless oil. 
1
H NMR (500 MHz, CDCl3) δ 7.63 (d, J = 16.0 Hz, 1H), 7.46 (d, J = 
8.7 Hz, 2H), 6.90 (d, J = 8.7 Hz, 2H), 6.30 (d, J = 16.0 Hz, 1H), 6.04 (ddd, J = 22.4, 
10.6, 5.3 Hz, 1H), 5.41 (dd, J = 17.3, 1.3 Hz, 1H), 5.30 (dd, J = 10.5, 0.9 Hz, 1H), 
4.56 (d, J = 5.3 Hz, 2H), 4.25 (q, J = 7.2 Hz, 2H), 1.32 (t, J = 7.1 Hz, 3H). 
13
C NMR 
(126 MHz, CDCl3) δ 167.2, 160.3, 144.1, 132.8, 129.6, 127.3, 117.9, 115.8, 115.0, 
68.8, 60.3, 14.3. HRMS (EI): calcd for C14H16O3 (M
+
) 232.1099, found 232.1098. 
 
(E)-Ethyl 3-(5-methylfuran-2-yl)acrylate (5-10c) 
Yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 7.34 (d, J = 15.6 Hz, 1H), 6.48 (d, J = 3.2 
Hz, 1H), 6.22 (d, J = 15.7 Hz, 1H), 6.06 (d, J = 3.2 Hz, 1H), 4.22 (q, J = 7.1 Hz, 2H), 
2.33 (s, 3H), 1.30 (t, J = 7.1 Hz, 3H). 
13
C NMR (126 MHz, CDCl3) δ 167.3, 155.3, 
149.5, 131.0, 116.3, 114.0, 108.7, 60.2, 14.3, 13.8. HRMS (EI): calcd for C10H12O3 
(M
+
) 180.0781, found 180.0783. 
196 
 
(2E,4E)-Ethyl 5-phenylpenta-2,4-dienoate (5-10d)  
Yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 7.49 – 7.42 (m, 3H), 7.35 (t, J = 7.4 Hz, 
2H), 7.32 – 7.28 (m, 1H), 6.93 – 6.83 (m, 2H), 5.99 (d, J = 15.3 Hz, 1H), 4.23 (q, J = 
7.1 Hz, 2H), 1.32 (t, J = 7.1 Hz, 3H). 
13
C NMR (126 MHz, CDCl3) δ 167.0, 144.5, 
140.3, 136.0, 129.0, 128.7, 127.1, 126.2, 121.3, 60.3, 14.3. HRMS (EI): calcd for 
C13H14O2 (M
+





H NMR (500 MHz, CDCl3) δ 8.28 (s, 1H), 7.75 (d, J = 7.8 Hz, 2H), 
6.97 (d, J = 7.8 Hz, 2H), 3.88 (s, 3H), 1.35 (s, 9H). 
13
C NMR (126 MHz, CDCl3) δ 
160.1, 153.3, 130.8, 128.2, 112.7, 55.7, 54.2, 28.7. HRMS (ESI): calcd for C12H18NO 
(M+H)
+





H NMR (500 MHz, CDCl3) δ 7.25 (d, J = 7.7 Hz, 2H), 6.85 (d, J = 7.1 
Hz, 2H), 3.78 (s, 3H), 3.67 (s, 2H), 1.17 (s, 9H). 
13
C NMR (126 MHz, CDCl3) δ 
158.4, 133.5, 129.3, 113.8, 55.2, 50.6, 46.5, 29.1. HRMS (EI): calcd for C12H19NO 
(M
+
) 193.1461, found 193.1460. 
 
N-(4-Methoxybenzyl)aniline (5-12b)  
Yellow solid. 
1
H NMR (500 MHz, CDCl3) δ 7.33 (d, J = 8.6 Hz, 2H), 7.22 (dd, J = 
8.5, 7.4 Hz, 2H), 6.93 (d, J = 8.7 Hz, 2H), 6.76 (t, J = 7.3 Hz, 1H), 6.68 (d, J = 7.6 
Hz, 2H), 4.29 (s, 2H), 3.84 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 158.8, 148.1, 
131.4, 129.2, 128.7, 117.5, 114.0, 112.8, 55.2, 47.7. HRMS (EI): calcd for C14H15ON 
(M
+









H NMR (300 MHz, CDCl3) δ 7.18 (dd, J = 4.7, 1.6 Hz, 1H), 6.96 – 6.91 
(m, 2H), 3.95 (s, 2H), 1.17 (s, 9H). 
13
C NMR (75 MHz, CDCl3) δ 145.1, 126.6, 124.3, 




) 169.0920, found 
169.0914. 
 
(E)-N-tert-butyl-3-phenylprop-2-en-1-amine (5-12d)  
Pale-yellow oil. 
1
H NMR (300 MHz, CDCl3) δ 7.39 – 7.32 (m, 2H), 7.31 – 7.24 (m, 
2H), 7.23 – 7.17 (m, 1H), 6.55 (d, J = 15.9 Hz, 1H), 6.36 (dt, J = 15.8, 6.4 Hz, 1H), 
3.42 (dd, J = 6.4, 0.9 Hz, 2H), 1.20 (s, 9H). 
13
C NMR (75 MHz, CDCl3) δ 136.9, 
132.0, 128.5, 127.4, 126.3, 51.8, 44.9, 28.5. HRMS (EI): calcd for C13H19N (M
+
) 
189.1512, found 189.1519. 
 
3-Acetylcyclohex-2-enone (5-14a)  
Pale yellow solid. 
1
H NMR (500 MHz, CDCl3) δ 6.58 (t, J = 1.7 Hz, 1H), 2.51 (td, J = 
6.1, 1.7 Hz, 2H), 2.49 – 2.45 (m, 2H), 2.40 (s, 3H), 2.03 (dt, J = 12.4, 6.1 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 201.4, 200.0, 154.6, 132.4, 37.9, 26.1, 23.4, 21.9. 
HRMS (EI): calcd for C8H10O2 (M
+
) 138.0675, found 138.0676. 
 
3-Acetylcyclopent-2-enone (5-14b) 
Pale yellow solid. 
1
H NMR (500 MHz, CDCl3) δ 6.64 (t, J = 2.0 Hz, 1H), 2.82 – 2.78 
(m, 2H), 2.54 – 2.51 (m, 2H), 2.49 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 210.1, 





1-(2-Bromophenyl)ethanone (2-2a3)  
Pale yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 7.61 (dd, J = 8.0, 1.1 Hz, 1H), 7.45 
(dt, J = 7.6, 1.8 Hz, 1H), 7.38 – 7.34 (m, 1H), 7.28 (tt, J = 8.0, 1.9 Hz, 1H), 2.62 (d, J 
198 
 
= 2.1 Hz, 3H). 
13
C NMR (126 MHz, CDCl3) δ 201.3, 141.5, 133.8, 131.8, 128.9, 









H NMR (300 MHz, CDCl3) δ 7.67 (d, J = 1.7 Hz, 1H), 7.59 (d, J = 7.3 
Hz, 1H), 7.53 (dd, J = 7.9, 1.8 Hz, 1H), 7.49 – 7.39 (m, 2H), 7.28 (ddd, J = 8.6, 6.4, 
2.8 Hz, 2H). 
13
C NMR (75 MHz, CDCl3) δ 192.2, 143.5, 142.8, 137.0, 135.6, 134.9, 










H NMR (500 MHz, CDCl3) δ 8.44 (s, 2H), 8.02 (dd, J = 6.4, 3.2 Hz, 
2H), 7.47 (dd, J = 6.5, 3.2 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 131.7, 128.1, 
126.2, 125.3. HRMS (EI): calcd for C14H10 (M
+





H NMR (300 MHz, CDCl3) δ 7.74 – 7.68 (m, 2H), 7.50 – 7.36 (m, 3H), 
5.95 (s, 1H), 1.47 (s, 9H). 
13
C NMR (75 MHz, CDCl3) δ 166.9, 135.9, 131.0, 128.4, 
126.7, 51.6, 28.8. HRMS (EI): calcd for C11H15NO (M
+
) 177.1148, found 177.1155. 
 
Isoquinoline (5-14f)  
Pale yellow oil. 
1
H NMR (300 MHz, CDCl3) δ 9.25 (s, 1H), 8.52 (d, J = 5.8 Hz, 1H), 
7.96 (d, J = 8.2 Hz, 1H), 7.81 (d, J = 8.1 Hz, 1H), 7.64 (dqd, J = 9.3, 6.9, 1.2 Hz, 3H). 
13
C NMR (75 MHz, CDCl3) δ 152.4, 142.8, 135.7, 130.3, 128.6, 127.5, 127.2, 126.4, 
120.4. HRMS (EI): calcd for C9H7N (M
+
) 129.0573, found 129.0579. 
 
